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ABSTRACT 

 

Range expansion events of the Humboldt squid reveal our inadequate 

understanding of populations of this species.  Despite recent hatching, reproductive, 

tagging, genetic and dietary studies of Dosidicus gigas, much speculation remains 

concerning geographic migration, stock assessment and habitat preferences.  This study 

provides evidence that statolith trace elemental variations can be useful in distinguishing 

among geographic populations.  Specimens were collected from the Galapagos Islands, 

southern California, and Washington State.  A dissection method was recorded and 

published.  By using laser ablation methods, discrete measurements of 10 elements were 

collected at 6 to 7 ablation sites covering embryonic, paralarval, juvenile and adult 

stages.  Analysis of Variance revealed important ontogenic elemental variations among 

ablation locations.  Multivariate Analysis of Variance, ordination techniques and 

discriminant function analysis with permutation testing were all utilized to compare and 

characterize the variations found in elemental concentrations.  Significant ontogenic 

variations were found for 8 out of the 10 focus elements; this is the first report for 5 of 

these elements for this species.  The geographic populations were effectively classified 

as distinct group for the first time using these methods.  Elemental fingerprint signatures 

were found to be significantly different at multiple ontogenic growth regions of the 

statolith.  Seattle and California paralarvae exhibited similar elemental signatures despite 

significant differences in those found in the embryonic core and juvenile regions of the 
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statolith.  These methods are a useful tool in providing stock assessment and can be 

improved for use in future population dynamics models. 
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1. INTRODUCTION  

 

Due to unsustainable fishing practices and chronic weak stock management, an 

estimated 50% of ocean commercial taxonomic stocks have collapsed (Worm et al., 

2006).  Estimates indicate that at the current rate, nearly all fishing industries will have 

collapsed by 2050 (Pauly et al., 2003).  The epidemic loss of species richness witnessed 

in the last century may have cascading effects through biological connectivity (Worm et 

al., 2006, Hastings and Harrison, 1994, Cowen et al., 2007).  In order to prevent this 

continued loss of biodiversity, there must be a better understanding of the life cycles and 

behaviors of targeted species.  Focusing on species with great potential for sustainable 

fisheries should increase successful management practices.  Methods involving trace 

elemental chemistry in the calcified structures of cephalopods provide opportunities to 

accomplish these goals for key species of interest.   

Cephalopod fisheries have been growing for decades despite incomplete 

identification of stock populations.  In 2006, 4.3 million metric tons of cephalopods were 

caught globally (Food and Agriculture Organization of the United Nations, 2008).   

China, Japan, and Korea produce the largest annual landings of squid with Japan being 

the largest importer of squid (Sonu, 2004).  The value of squid and cuttlefish imports to 

Japan in 2003 was over 526 million US Dollars (Sonu, 2004).  Although there is a vested 

interest in the survival of cephalopod species, management practices lag behind those in 

place for fish (teleost) species .   
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Squid are pelagic and neritic invertebrates with some species inhabiting every 

zone of the ocean from polar to tropics, coastal to deep water (Roper et al., 1984).  As r-

selected species, cephalopods demonstrate high fecundity with reproduction generally 

occurring only once near the termination of a short lifespan with few species living 

longer than two years (Roper et al., 1984, MacArthur and Wilson, 1967, Nigmatullin et 

al., 2001).  Teuthiod, or squid, species display highly intelligent behavior, show 

generalist feeding strategies and have exhibited problem solving skills, which are 

characteristics common among most cephalopods (Nesis, 1983, Hanlon and Messenger, 

1996, Markaida, 2006). 

Some commercially important teuthiod species include near-shore schooling 

species such as the California Market Squid, Doryteuthis opalescens (Anderson, 2000), 

as well as large muscular members of the Ommastrephidae family (Sonu, 2004).  

Annually, ommastrephid squid comprise between 70-80% of total global squid landings 

(Sonu, 2004).  They are strong swimmers with thick walled mantle muscles and large 

rhomboidal fins (Roper et al., 1984).  Many species of this family grow quickly, 

increasing in size 1000% in only a year by hatching at 0.001 kg and reaching up to 1 kg 

or more (Roper et al., 1984, Wormuth et al., 1992, Nigmatullin et al., 2001). The largest 

ommastrephid, Dosidicus gigas, can grow to a maximum mantle length of 1.5 m, a total 

maximum length of 4 m, and maximum weight of 120 kg (Roper et al., 1984, Wormuth, 

1998, Nigmatullin et al., 2001).  

Although the life cycle of D . gigas, or the Humboldt squid, is poorly understood, 

international fisheries have been targeting this species for over 20 years ( Food and 
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Agriculture Organization of the United Nations, 2007).  During the five year period from 

2002 to 2006, world catches of Humboldt squid more than doubled from 400,171 metric 

tonnes to 848,858 metric tonnes  ( Food and Agriculture Organization of the United 

Nations, 2008).  These squid have attracted international attention in recent years not 

only for fishery potential but also for their predatory role in the ecosystem (Field et al., 

2007, Roper et al., 1984). Current interest involving Humboldt squid has developed due 

to recent changes to the historical distributional patterns of D . gigas and mainly concerns 

population dynamics and connectivity (Field, 2007).  Previously, 35 degrees north has 

been held as the northern range extent in the Pacific Ocean for this species with rare 

sightings farther north (Roper et al., 1984, Wormuth, 1998).  However, in the last 15 

years scientists have witnessed an increase in the resident population off the coast of 

California with sightings as far north as the Bering Sea in Alaska  (Zeidberg and 

Robison, 2007, Wing, 2006).  The presence of local government fishing limits for 

Humboldt squid in Washington State indicates that these squid are now more common in 

the Northeastern Pacific (Pearcy, 2002).   

Scientists suspect that this habitat expansion was caused by a combination of 

factors including ENSO (El Nino Southern Oscillation) events and the removal of 

competitors and predators by human fishing (Keyl et al., 2008).  Ommastrephid squid 

have been suspected as a critical link between tertiary trophic levels and large predators 

such as marine mammals, swordfish and sharks (F ield et al., 2007, Watanabe et al., 

2004).  Many of these predators have been heavily fished in the Pacific Ocean (Worm et 

al., 2006).  In addition to reducing mortality, this also reduces competition for some prey 
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items. The range expansion of Humboldt squid and evidence of permanent residences in 

northern locations generate further questions of ecological impacts, connectivity, and 

population structure.  Fishing industries have already witnessed effects of the migration 

of this adept opportunistic predator (Field et al., 2007).  Again, as ommastrephid squid, 

D . gigas grow fast and consume large quantities of prey (Nigmatullin et al., 2001, Roper 

et al., 1984, Wormuth, 1998).  By demonstrating flexibility in feeding strategies and 

intelligence, Humboldt squid adapt when provided the opportunity, whether or not the 

animals that they prey upon are accustomed to rapid, intense predation pressures (Field 

et al., 2007).  Relationships have been shown between a new presence of Humboldt 

squids and the decline of local fisheries species (Caddy and Rodhouse, 1998, Ehrhardt, 

1991).   Although tagging studies have been useful tools for regional and behavioral 

studies, some called for a complete comprehensive examination of the Humboldt stock 

to assess the effect on connected prey species (Gilly et al., 2006, Field, 2007).   

Despite the effects that recent variations on D . gigas stocks have on fish 

populations, the life cycle, migration patterns and population dynamics of this squid are 

poorly understood.  Previous studies of squid population dynamics utilized length-

frequency data or genetics (e.g. Nesis, 1983, Markaida et al., 2004, Semmens et al., 

2007, Palumbi, 2003).  In 2008, Sinfer and colleagues determined that length frequency 

data was insufficient for teuthiod studies due to atypical and non-linear growth patterns 

(Sifner, 2008). Humboldt squid exhibit multiple size-at-maturity strategies depending on 

environmental conditions and it has been suggested that this permits dynamic range 

expansions (Nesis, 1983, Nigmatullin et al., 2001, Keyl et al., 2008, O'Dor, 1992).  
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Morphological evidence suggests that northern and southern sub-populations exist 

(Wormuth, 1976), and in 2007 these stocks were successfully distinguished using 

randomly amplified polymorphic DNA (RAPD) genetic analysis (Sandoval-Castellanos 

et al., 2007).  However, others have attempted to establish migration patterns of 

Humboldt squid populations across the equator (Ikeda et al., 2002b).  Additionally, the 

2007 DNA study provides only a north-south division of populations for one year and 

offers no information about the life cycle of the Humboldt squid (Sandoval-Castellanos 

et al., 2007).  Examination of statolith elemental signatures stands out as an ideal method 

to expand research in these areas (Arkhipkin, 2005). 

Statoliths are composed of aragonitic calcium carbonate similar to calcium 

carbonate found in foraminifera, corals, gastropod and bivalve shells, and fish otoliths 

(Figure 1) (e.g. Smith et al., 1979, Zacherl et al., 2003, Eggins et al., 2003, Levin, 2006, 

Campana and Neilson, 1985, Clarke, 1978, Radtke, 1983, Rosenthal et al., 1997).  In 

cephalopods, statoliths begin forming in the statocysts, cavities in the cranial cartilage, 

before hatching and continue growing after hatching by the deposition of an organic rich 

layer followed by an organic poor layer every day (Clarke, 1978, Zumholz et al., 2007a, 

Bettencourt and Guerra, 2001).  This deposition process provides an accurate daily 

increment which can be used to estimate the age of an individual.  Although this has not 

been verified for D . gigas, it has been confirmed for other ommastrephid squid and is 

generally assumed as a fair estimation (Rodhouse et al., 1994, Dawe et al., 1985, 

Nakamura and Sakurai, 1991, Lipinski, 1986).  Additionally, trace elements are 

incorporated into the calcium carbonate matrix of statoliths (Arkhipkin, 2005, Radtke, 
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1983).   Studies have shown that the patterns and levels of trace elements found in 

statoliths and otoliths can be correlated to environmental conditions experienced by an 

individual or to their feeding behaviors (e.g. Zacherl et al., 2003, Campana and Neilson, 

1985, Arkhipkin, 2005, Zumholz et al., 2006).   

 

F igure 1.  Paired Dosidicus gigas statoliths. 

One of the original studies of this biochemical phenomenon established a proxy 

for past ocean temperatures by inversely correlating ambient seawater temperature to 

strontium-calcium ratios in coral skeletons (Smith et al., 1979).  Three species of reef 

building corals were all shown to have strontium concentrations higher than ambient 

seawater.  While seawater Sr:Ca remains constant with temperature, the three species of 

corals each demonstrated different rates of strontium incorporation that varied inversely 

with temperature.  Additionally, these rates were shown to be different from inorganic 

carbonate strontium levels, which also vary inversely with temperature, indicating 
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biological fractionation (Smith et al., 1979).  It is important to note that the relationship 

found between Sr:Ca and temperature varied among genera of reef-building corals, that 

growth rate is also dependent on temperature in these corals, and these are stationary 

symbiotic organisms (Smith et al., 1979).  Studies have shown that this type of inverse 

relationship with temperature is also found for magnesium concentrations in planktonic 

foraminifera tests (e.g. Rosenthal et al., 1997, Lear et al., 2002, Eggins et al., 2003).  The 

elemental compositions of fish otoliths have been measured for decades and studies have 

been successful in natal habitat reconstruction and distinction between coastal oceanic 

species (Thorrold, 1998, Swearer et al., 1999).  Significant linear relationships between 

otolith strontium concentration and temperature were found in laboratory reared fish.  

However, this relationship was complicated for anadromous fish as salinity also 

demonstrated an influence on otolith strontium concentrations (Martin et al., 2004).  

Using a combination of trace elemental measurements has proved a successful tool in 

determining stock assessment or origin in mixed stocks in oceanic fish, such as tuna 

(Rooker et al., 2001). Similar work with gastropods and crustaceans has been promising 

and demonstrate some of the possibilities for statolith research (Thorrold et al., 2002, 

Zacherl et al., 2003, Arkhipkin, 2005, Campana and Neilson, 1985).  Ultimately, the 

relationship between trace elements in biologically secreted calcified structures and 

environmental conditions enables the reconstruction of an individual’s life history or can 

be used to distinguish between populations that experience different environments, but 

must be interpreted with caution when attempting to discern environmental variables 

(e.g. Warner et al., 2009, Arkhipkin et al., 2004, Zumholz et al., 2007c, Campana and 
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Neilson, 1985, Zacherl et al., 2003, Thorrold et al., 2002, Ikeda et al., 2002b, Zumholz et 

al., 2006).   

Several studies have been conducted using cephalopod statolith microchemistry 

demonstrating the power, as well as the limitations, of this type of research.  Early 

research efforts involved dissolving the entire statolith in acid for liquid mass 

spectrometry and distinguishing between seasonal spawning cohorts (Arkhipkin et al., 

2004).  Using a small Atlantic schooling species, Loligo gahi, one study resolved spring 

and autumn cohorts and three geographic sub-regions north and south of the Falkland 

Islands and the Patagonian shelf by measuring element to calcium ratios of magnesium, 

manganese, cadmium, strontium, barium and lead.  This species is known to reside in 

shallower (<100 m) waters as small juveniles and migrate to deeper (up to 500 m) waters 

as they grow.  Barium and cadmium were found to correlate with depth of individuals, 

while magnesium and manganese were believed to relate to dietary effect on the organic 

layers.  The same study also investigated the relationship of elemental concentration to 

temperature and found significant negative linear variations for strontium and barium, 

but significant positive linear variations for magnesium and manganese (Arkhipkin et al., 

2004).  Other studies were unable to discern a significant relationship between 

temperature and strontium concentrations when studying ommastrephid squid in the 

Pacific Ocean (e.g. Yatsu et al., 1998, Ikeda et al., 2002b, Ikeda et al., 2002a).  Here it is 

important to remember that even stationary coral genera exhibit differing relationships 

between strontium concentration and ambient temperature (Smith et al., 1979).  The 

differences between results of strontium relationships to temperature found in studies 
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using ommastrephid and loligonid studies may be due to the extreme daily vertical 

migrations that ommastrephid squid undergo as suggested by (Arkhipkin et al., 2004). 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was 

used to study statolith microchemical variation in the Atlantic squid species, Gonatus 

fabricii (Zumholz et al., 2007c).  Significant variations were found for magnesium, 

manganese, zinc, strontium, yttrium, zirconium, barium and uranium, demonstrating the 

possibilities for LA-ICP-MS in future statolith studies.  Elemental concentration 

variations were explained using expected or known behaviors of G . fabricii.  For 

example, Ba:Ca variations correlated to depth of habitat, while Sr:Ca and U:Ca 

variations inversely mirrored ontogenic migrations from warmer to colder waters 

(Zumholz et al., 2007c).   

Another comparable study was conducted with the goal of reconstructing natal 

hatching grounds of adult specimens (Warner et al., 2009).  By measuring calcium, 

magnesium, manganese, strontium and barium, some significant differences were found 

among populations of paralarval squid by geographic location.  Additionally, by 

measuring elemental concentrations in the cores of adult market squid (Doryteuthis 

opalescens) and the cores of paralarval market squid from several locations, this study 

was able to use LA-ICP-MS to assign natal grounds to adult specimens.  Although this is 

a powerful method of analysis, natal reconstruction requires multiple year sampling of 

larval squid from all likely nursery locations (See Warner et al., 2009).  The elemental 

ranges are valuable for comparison in a manner similar to the G . fabricii study as well as 
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the methodology for distinguishing between populations by geographic location (Warner 

et al., 2009, Zumholz et al., 2007c). 

Some attempts have been made to evaluate the variations in elemental chemistry 

across ommastrephid squid statoliths.  A few studies using particle induced x-ray 

emission (PIXE) focused strongly on strontium incorporation as a proxy for ambient 

water temperature and all found no such relationship (Ikeda et al., 1997, Ikeda et al., 

1998, Ikeda et al., 2003).  One of these PIXE analyses did measure calcium, chromium, 

copper, iron, manganese, strontium, titanium, and zinc, but only reported that copper and 

zinc showed signs of ontogenic influences in Todarodes pacificus, an ommastrephid 

squid (Ikeda et al., 1998).   In a 2002 PIXE study, a relationship in Humboldt squid 

statoliths between Cu:Ca and the El Nino Southern Oscillation was found with 

concentrations being higher in El Nino years;  however, no pattern for strontium 

incorporation with temperature was revealed (Ikeda et al., 2002b). 

In 2011, the first study of Humboldt squid statolith microchemistry using LA-

ICP-MS was published (Liu et al., 2011).   Two important aspects of this study are the 

elements sampled and the geographic sample range.  Specimens were all sampled from 

the southern hemisphere, off Peru and northern Chile.  Only magnesium, calcium, 

sodium, strontium and barium were measured (Liu et al., 2011).  As found previously, 

no significant relationship between temperature and Sr:Ca could be determined for this 

species (Liu et al., 2011, Ikeda et al., 2002b).  Elemental variations were significant for 

sodium, strontium, and barium (Liu et al., 2011).  The authors proposed that Ba:Ca and 

Sr:Ca shifts indicate depth of habitat and found that Mg:Ca and Sr:Ca variations may 
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distinguish between seasonal cohorts.  No elemental variations were able to significantly 

distinguish between regional populations in this study (Liu et al., 2011).  

Ten elements were chosen for the study presented here and selection was based 

upon the successful measurement and utilization in previous carbonate microchemical 

research endeavors.  Most were chosen due to previously resolved relationships between 

concentration in carbonates and environmental variables, behavioral influences or 

dietary effects. Although not every element chosen has been linked properly through 

laboratory-rearing exercises, the overall elemental signature, or fingerprint, should 

differentiate between geographic locations (Arkhipkin et al., 2004, Arkhipkin, 2005, 

Warner et al., 2009). A brief review of studies will now be given by element. 

Magnesium has been a standard element of interest in cephalopod carbonate 

studies (e.g. Arkhipkin et al., 2004, Warner et al., 2009, Zumholz et al., 2007c, Liu et al., 

2011).  Statolith magnesium concentrations are third highest after calcium and strontium 

(Arkhipkin et al., 2004, Warner et al., 2009, Zumholz et al., 2007c, Liu et al., 2011).  

Although magnesium maintains a generally uniform distribution in ocean water, it has 

been found to be physiologically regulated by cephalopods (Zumholz et al., 2007c, 

Bettencourt and Guerra, 2000).  It has been suggested that Mg:Ca values decline with 

size of squid statolith based growth rates (Arkhipkin et al., 2004, Zumholz et al., 2007c).  

A pattern of magnesium enrichment in the core of statoliths has been documented, and 

studies have shown that high magnesium levels are necessary for statolith formation 

(Warner et al., 2009, Zumholz et al., 2007c, Bettencourt and Guerra, 2000).  However, 

one study did not find significant Mg:Ca variations across statoliths of D . gigas and also 
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measured a large variance in outer regions of the statolith (Liu et al., 2011).  The very 

low values for magnesium found in this study suggest that some of the ablations may not 

have actually struck the core or that the peak of magnesium was not used as an interval 

of sampling (See Warner et al., 2009, Liu et al., 2011).  Another possibility is that mixed 

cohorts muddled the Mg:Ca variations since Liu et al. (2011) did report that Mg:Ca 

differences aided in distinguishing between cohorts.  Magnesium has also been linked to 

temperature of the ambient environment in field studies, but it is important to note that 

growth rate is also correlated to water temperature (Arkhipkin et al., 2004).   

Manganese has also been frequently used in cephalopod carbonate studies as the 

fifth highest compositional element of squid statoliths (e.g. Arkhipkin et al., 2004, 

Warner et al., 2009, Zumholz et al., 2007c).  It also demonstrates variability in ocean 

waters, with higher concentrations found near surfaces, with increasing variability due to 

dust influx, and lower concentrations at depth with variability in low oxygen 

environments (Johnson et al., 1996, Donat and Bruland, 1994, Bruland, 1983).  Some 

authors suggest that relative to levels found in statoliths, manganese concentration is 

nearly uniform in the ocean indicating the variations seen in statoliths are due to taxon-

specific uptake methods (Arkhipkin et al., 2004, Zumholz et al., 2007c).  It has also been 

demonstrated that diet can influence the manganese incorporated into the statolith in 

some cephalopods (Zumholz et al., 2007c).  

Copper exhibits a nutrient like profile with reduced concentrations in surface 

waters (Bruland, 1983, Donat and Bruland, 1994).  It has not been measured in many 

statolith studies but was successfully used to distinguish between ENSO environments 
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for D . gigas using PIXE, with copper being significantly higher in El Niño years (Ikeda 

et al., 2002b).  No studies found reported relationships to temperature or diet, but one 

study suggests a relationship to ontogenic stages in a pacific ommastrephid squid, T. 

pacificus (Ikeda et al., 1998).   

Zinc has also been reported to have a nutrient like profile (Bruland, 1983, Donat 

and Bruland, 1994).  It is less frequently investigated in carbonate studies, but a few 

statolith studies have measured Zn:Ca values.  One using LA-ICP-MS and an Atlantic 

squid species found that statolith cores were enriched compared to outer regions 

(Zumholz et al., 2007c).  This was also found for cuttlefish, although no dietary 

influences could be determined (Zumholz et al., 2006).   One PIXE study using T. 

pacificus found a positive correlation between zinc concentration and integrated water 

temperature (Ikeda et al., 1996).  In 2002, zinc concentrations were higher in D . gigas 

statoliths collected in El Niño years than those collected in non-El Niño years.  It was 

suggested that these differences could be related to ontogeny as was found in a mackerel 

study (Ikeda et al., 2002b, Papadopoulou et al., 1978).  If this variation is similar in 

Humboldt squid, it could be an artifact of dietary bioaccumulation as the individual 

grows and consumes larger prey. The same D . gigas study found significant differences 

between ENSO years, with concentrations being higher in El Nino years (non-

upwelling) (Ikeda et al., 2002b).  

Yttrium concentration has been measured in a few squid statolith studies and has 

a nutrient-like profile in the ocean.  In a LA-ICP-MS study of laboratory reared 

cuttlefish, diet has been shown to effect yttrium concentration (Zumholz et al., 2006). In 
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wild G . fabricii, Y:Ca was measured as higher in cores than mid-statolith regions 

(Zumholz et al., 2007c).  These findings suggest potential for this element to aid in 

discriminating between populations based on diet. 

Zirconium has been reported has having a nutrient like distribution (Bruland, 

1983, Donat and Bruland, 1994) and is less frequently measured for statolith studies.  

However, two studies revealed zirconium enrichment in statolith cores despite a lack of 

dietary influence (Zumholz et al., 2007c, Zumholz et al., 2006).  Zirconium may also 

have potential for discriminating between populations. 

Barium follows magnesium in rank of cephalopod statolith compositional 

elements and is frequently measured in carbonate microchemical studies (e.g. Arkhipkin 

et al., 2004, Warner et al., 2009, Zumholz et al., 2007c, Liu et al., 2011).  Barium 

distribution in the oceans exhibits a nutrient-like profile with sources being river water, 

runoff and upwelling from deep water (Chan et al., 1977).  Ba:Ca variations have been 

successfully linked to both freshwater runoff and depth for squid species (e.g. Arkhipkin 

et al., 2004, Zumholz et al., 2007c).  A negative relationship between Ba:Ca and water 

temperature was found for laboratory reared cuttlefish, confirming field studies of squid 

statoliths (Arkhipkin et al., 2004, Zumholz et al., 2007c).  One study also found that diet 

can significantly influence statolith composition of barium in cuttlefish.  It was 

determined that a change in feeding behaviors could result in a 2oC error in barium 

calculated temperature (Zumholz et al., 2006).  Ba:Ca variations should be beneficial 

distinguishing between coastal and offshore groups where no upwelling occurs 

depending on dietary influence and temperature. 
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Lead is not frequently measured in squid statolith research. Dissolved lead has a 

scavenged element vertical profile due to atmospheric inputs with occasional minimums 

at the surface when and where inputs are low (Donat and Bruland, 1994).  Two studies 

did record lead present in squid statoliths, but no significant pattern could be found 

(Warner et al., 2009, Zumholz et al., 2007c).  Although not verified in cephalopod 

studies, gastropod larvae have been successfully reassigned to natal groups using Pb:Ca, 

which was found to be more distinct among populations than barium and strontium 

(Zacherl et al., 2003).  One source of lead to the statolith could be diet or directly from 

the environment and could distinguish between pristine and polluted environments 

(Zacherl et al., 2003). 

Uranium has rarely been measured in squid statolith studies, but a U-shaped 

pattern in U:Ca across the statolith was reported for an Atlantic squid species using LA-

ICP-MS.  In that study, it was suggested that variations were related to both temperature 

and salinity through deep offshore migrations (Zumholz et al., 2007c).  Generally, 

uranium has a conservative distribution in the ocean varying only with salinity, which 

indicates that any variations should be physiologically controlled and may vary with 

taxonomy (Bruland, 1983, Donat and Bruland, 1994). 

Temperature and other environmental parameters have been thought to influence 

strontium concentrations in carbonate materials for decades, so strontium is perhaps the 

most highly investigated element in carbonate microchemistry studies.  Many 

cephalopod statolith investigations focus on relationships between strontium and 

ambient temperature reconstructions (e.g. Ikeda et al., 1997, Ikeda et al., 2002a, 
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Zumholz et al., 2007a).  Although Sr:Ca was found to be significantly related to 

temperature in a small loligonid squid, this was not established for two ommastrephid 

squid in other studies (Ikeda et al., 1997, Ikeda et al., 2002b).  Arkhipkin and his 

colleagues postulated that the diurnal migration behavior of the oceanic ommastrephids, 

which involves vertical movements of hundreds of meters every day, confounded a 

direct Sr:Ca relationship with water temperature (Arkhipkin et al., 2004).  Later studies 

using nano-scale technology found a daily fluctuation in Sr:Ca in another vertically 

migrating squid, Gonatus fabricii, however, the authors remained unconvinced that the 

relationship was strictly temperature related citing activity levels and consumption of 

prey as possible sources of the variation (Zumholz et al., 2007a).  This skepticism was 

likely due to previous work demonstrating dietary influence.  In 2006, an experiment 

involving cuttlefish raised at a constant temperature and varying diet did show Sr:Ca 

correlation to diet, which confounds any strontium correlation with temperature in the 

wild (Zumholz et al., 2006).  In later work, the experiment with cuttlefish was repeated 

and furthered to identify the strontium-temperature relationship for specimen with no 

variation in diet, however none was discernible (Zumholz et al., 2007b).  These 

laboratory rearing experiments with controlled conditions provide arguably the best 

evidence for a lack of temperature effects on cephalopod statolith strontium 

concentration.  One such study showed definitively that there is no effect of temperature 

on Sr:Ca (Zumholz et al., 2007a).  Another investigation revealed periodic variations in 

T. pacificus statolith Sr:Ca despite being raised at a constant temperature (Ikeda et al., 
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2002a).   This brief review emphasizes the controversy associated with using strontium 

as a simple temperature proxy in highly motile animals in volatile environments.   

Ultimately, the use of microchemical signatures provides a useful tool in 

discriminating between populations, life history reconstruction and behavioral evidence.  

Since cephalopods exhibit complex trace elemental uptake mechanisms, multiple studies 

have cautioned against applying equations calculated for the trace elemental 

relationships in one species for another (e.g. Arkhipkin et al., 2004, Ikeda et al., 1997, 

Zumholz et al., 2007b).  At the present time it is not possible to verify direct correlations 

between the environment and squid statolith concentrations without live-rearing 

experiments, which are not yet possible for the species of focus, D . gigas. 

 Statistical analysis for ecological population dynamic studies has grown widely 

diverse and complex in application.  A common basic application is the student’s t-test.  

When examining two groups or treatments, it is standard to apply a t-test to compare the 

means of a single variable for a significant difference at the α = 0.05 level.  This means 

that the null hypothesis is that the means are the same, but if the p-value resulting from 

the calculations is less than that level, the null hypothesis is rejected.  However, when it 

is necessary to compare the means of a single variable or factor for more than two 

groups or samples at one time Analysis of Variance (ANOVA) must be used.  Since 

ANOVA can compare two sample means while controlling for others, it is more 

powerful than a series of t-tests.  If the resulting p-value is less than 0.05, it indicates that 

all sample means evaluated are the not the same.  In order to determine specifically 

which sample means are statistically different, a multiple comparisons test, such as 
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Tukey’s HSD test, is examined post-hoc, or after the fact.  This is necessary to account 

for the fact that there are more than two sample means being compared to prevent an 

overestimation of significance, or a Type I error, from occurring.  Assumptions for this 

test include normality and homogenous variances.  If two factors were to be investigated 

simultaneously, a two-way ANOVA can be used.  This would test for significant effects 

of both factors as well as if any interactions were occurring between the factors.  If 

interactions did occur, the interpretation of the p-values for each of the factors would be 

more complicated.  Therefore it is beneficial to perform a two-way ANOVA to check for 

interaction effects (Gotelli and Ellison, 2004).  

 ANOVA can be applied to a series of measurements of the same factor, such as 

measurements of a single element taken at different spots on a statolith.  However, when 

multiple factors are used, such as many elements measured at various spots on a 

statolith, Multivariate Analysis of Variance (MANOVA) must be employed to evaluate 

similarities or differences of groups.  Multivariate normality is required for MANOVA, 

and one way of assuring this is to check for univariate normality of all associated factors.  

In MANOVA, rather than comparing the means among groups, the multivariate means 

are compared as centroids and a single p-value can still represent the confidence level 

for declaring each group as different based upon centroids (Gotelli and Ellison, 2004). 

 In order to visualize the differences described by statistical p-values multivariate 

ordination can be performed.  Two measurements or variables, (j=1,2) , can be plotted 

for the same observation or individual, i.  Then the Euclidian distance can be determined 

in two dimensions (Equation 1).  In the same manner, multivariate ordination involves 
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plotting three or more measurements or factors in multidimensional space (Equation 2).  

The vector resulting from the best fit line of multiple observations of variables can be 

used to reduce the number of dimensions being investigated.  This new vector is 

considered a new variable called a principle axis.  Each sample or observation has a 

score along this new axes based upon the original measurements for each variable and 

the corresponding loading for that axis (Gotelli and Ellison, 2004). 

𝑑",$ =  '(𝑦",* − 𝑦$,*,
- + (𝑦",- − 𝑦$,-,

-
                         Eq. 1 

 

𝑑",$ =  '(𝑦",* − 𝑦$,*,
- + (𝑦",- − 𝑦$,-,

- + (𝑦",/ − 𝑦$,/,
- …  Eq. 2 

 

   Two descriptive multivariate ordination methods of interest are Correspondence 

Analysis (CA) and Principle Component Analysis (PCA).  Often used as a method of 

relating species to sampling site characteristics, CA allows for both the observations and 

the variables to be plotted in the same space.  Distances between observations and 

variables cannot be directly interpreted in these plots.  However, they can still be useful 

in explaining which variables may be causing variation among observations or groups 

(Gotelli and Ellison, 2004).  

It is essential to normalize data before performing PCA so that a variable with a 

greater magnitude does not dominate calculations of distance.  To emphasize this, 

imagine three variables where two are on the scale of nanometers, while the third is on 
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the scale of meters.  Although a great change in the first two variables would not result 

in any change of the Euclidean distance between two observation points, a small 

difference in the third variable would seem to create a significant change.  This prevents 

much useful information being obtained from the resulting principle components.  

Normalization was achieved by subtracting the mean of each element for each ablation 

location for each geographic group from each measurement and then dividing by the 

standard deviation of that mean. The principle component ranks are calculated as 

eigenvalues of the variance-covariance matrix, which is equivalent to the correlation 

matrix when using normalized data.  Thus an eigenvalue is computed for each principle 

component assigning the maximum amount of variance possible.  The sum of the 

eigenvalues provides the total variance or a percent of the total variance is explained by 

each of the principle components.  A simple bar graph of the percent variability 

explained by each of the principle components, or a scree plot, can aid in determining 

how many principle component dimensions are contributing significantly to the total 

variance (Gotelli and Ellison, 2004).  These selected dimensions are used to plot the 

observation scores and bootstrapped confidence intervals allow for quantitative 

interpretation (White and Ruttenberg, 2007).  Generally, only the first few principle 

components are plotted, which achieves the goal of reducing high dimension 

multivariate data to a few comprehensible dimensions (Gotelli and Ellison, 2004).  

 Although the previous methods provide a successful visualization of the 

multivariate data, Discriminant Function Analysis (DFA) provides a quantitative method 

of distinguishing among populations.  DFA provides a means of classifying observations 



 

21 

 

into groups based upon similarities or differences in multivariate means and multivariate 

variances.  One common example of this type of classification is taxonomy.  While CA 

and PCA ordination methods involve examining the patterns of variances along a 

gradient of measurements, DFA defines the limits of the gradients (Gotelli and Ellison, 

2004).  It is essential to use randomization tests, such as jackknifing, which provides a p-

value to confirm with a confidence at the α = 0.05 level that resulting classifications are 

better than what would be achieved by chance (White and Ruttenberg, 2007).    

Using the statistical tests described and insight from previously published 

research, the research presented here intends to provide information that will aid in the 

understanding of the Humboldt squid life history and population structure by measuring 

statolith elemental composition with LA-ICP-MS.  Examining the ontogenic changes in 

the levels of trace elements incorporated into Humboldt statoliths may provide insight 

into the changes in behaviors, habitats and diet an individual might undergo during its 

lifetime.  This will be investigated using ANOVA to determine patterns found in 

elemental variation across the statolith. Findings will provide for the creation of a life-

history standard for this species of squid which will aid in stock assessment.  By 

sampling at three distinct geographic locations, similarities in behavior, habitat or diet 

despite differences in region, may help reveal stock details of this opportunistic species.  

The similarities of natal hatching areas for geographically separated adult populations 

will be tested using MANOVA.  Similarities in trace elemental signatures measured in 

the core of specimen from different regions may indicate similar behavior, or similar 

hatching grounds and subsequent migrations.  Both possibilities may provide insight into 
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the locations of ideal spawning areas allowing for proper management of fisheries.  

Finally, using multivariate ordination and classification of the trace elemental ratios of 

statoliths removed from squid collected at three geographic locations will test the null 

hypothesis that there is no difference among the elemental signatures found in the 

statoliths of Humboldt squid from different geographic regions.  This will provide the 

basic stock assessment of squid fished in different regions by showing if they experience 

the same environmental conditions which indicates a similar stock or natal origin.  

Otherwise it will declare these groups significantly different stocks.  These findings can 

be used to support or refute previous studies (Warner et al., 2009, Liu et al., 2011, 

Sandoval-Castellanos et al., 2007).  Ultimately this research will collectively test the null 

hypothesis that the analysis of trace elemental chemistry in statoliths is not an effective 

method for studying populations of Dosidicus gigas.  These findings may help with the 

stock assessment required for adequate fisheries management practices. 
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2. METHODS  

 

2.1 Sampling 

Samples were collected from three distinct geographic regions: the Galapagos 

Islands, Ecuador, in September 2008; Oceanside, California, in June of 2007; and 

Seattle, Washington, in October 2008.  Sample sizes varied due to availability of 

specimens with 48 squid collected from Ecuador, 9 from California, and 17 from Seattle.  

Statoliths were dissected from the cranial cartilage immediately after capture or the 

entire head was frozen and the statoliths were removed later after thawing.  The 

dissection method available, (Lipinski, 1980), proved to be difficult in application.  The 

entire dissection was documented and photographed.  Pictures were edited in a free 

graphic image manipulation program, GIMP, and the updated methods were developed 

into a guide.  The effectiveness of the guide was tested by providing it to a colleague 

with no previous statolith dissection experience.  Using the guide, 17 pairs of statoliths 

were successfully removed with no complications or coaching. The updated method was 

published in Arbuckle and Wormuth (2011), which can be found in the appendix (© 

IEEE 2011). 

Once dissected, all statolith pairs were rinsed with de-ionized water and stored 

dry in labeled flat-bottom screw-top vials.  One statolith per specimen was mounted in 

thermoplastic epoxy resin pucks.  Double-sided non-reactive tape was used to position 

the statolith concave up on a glass plate before pouring the epoxy.  After curing for 12-

24 hours, the pucks were removed from the glass plate, tape and mold.  Specimen 
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identification numbers were carved into the epoxy and excess material was removed by 

lathe.  The statoliths were then ground and polished to reveal growth increments.  

Grinding was performed manually using ultra-fine grain sandpaper for 30-90 seconds.  

Polishing required a spinning lapping table, 6 micron diamond grit polishing solution 

and cloth polishing disks.  Depth of grinding and growth increments were checked 

regularly using light microscopy and, if needed, statoliths were reprocessed until the 

core was visible at or just below the surface of the puck (Jackson, 1994). 

The growth increments were photographed using a light microscope at 40x.  Age 

was estimated by counting the growth increments by light microscope at 40x or by 

compiling microscope images using the align tool in Adobe Photoshop.  Each growth 

ring was assumed to equal one day (Lipinski, 1986, Dawe et al., 1985, Jackson, 1994, 

Nakamura and Sakurai, 1991, Rodhouse et al., 1994).  Average age of specimen was 

approximately 133 days, ranging from 100 to 175 days.  Age estimations were used to 

check for cohorts by hatching season and all were found to be from the same late spring 

to early summer hatching season. 

2.2 Laser Ablation 

Elemental measurements were conducted in the R. Ken Williams Radiogenic 

Isotope Geosciences Lab using a Thermo Element XR-ICP-MS (high-resolution 

inductively coupled plasma mass spectrometer) and an Analyte 193 nm ultra-short pulse 

excimer laser ablation sampler.  Laser ablation procedures were developed and adjusted 

through several trials on statoliths from the largest sample set (Ecuador) and using 

calcite crystals provided by Dr. Brent Miller.  The final LA-ICP-MS method and settings 
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are reported in Table 1.  Calcium was chosen as an internal standard and the value of 

calcium concentration was taken from the literature (Zumholz et al., 2007c). National 

Institute of Standards and Technology (NIST) glasses were used for tuning the mass 

spectrometer, external precision and calibrations.  NIST 610, 612 and 614 were analyzed 

between every three statoliths and at the end of the day.  The settings and method were 

the same for the NIST glass standards and the samples. 

Table 1.  LA-ICP-MS settings and method. 

Elements Sampled: 
     24Mg 43Ca 87Sr++ 55Mn 63Cu 64Zn 85Rb 86Sr 87Sr 89Y 90Zr 138Ba 207Pb 238U 

Resolution Setting: 
 

Low 
   Carrier Gas: 

  
Helium/Argon mix 

   Spot Size: 
  

39 micron circle 
   Gas Flow: 

      
 

Ar 
 

~1L/min 
   

 
He 

 
~0.8L/min 

   Energy: 
  

50% 
   Cone Type: 

  
Nickel T-1001-X 

   Sample time:   0.002    
Samples per peak:   10    
Mass window:   10%    
Integration type:   Peak top    
Detection Mode:   Triple    
 

The location of the first ablation spot was centered on the core for each statolith. 

The diameter of the laser was set to the minimum size that would ablate the entire core.  

Each consecutive ablation site was 0.2 µm from the center of the previous ablation 

center on a transect along the growth lines from the core to the outer edge of the statolith 
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along the longest distance (Figure 2).  At least 5 ablations were made on each statolith, 

with the maximum being 8 ablations on some of the statoliths collected from California.  

The maximum number of ablations made on statoliths from Seattle was 7 and the 

maximum for the Galapagos was 6. 

 

F igure 2.  Post-ablation view of a polished statolith with growth rings and 7 ablation craters visible. 

Raw output from the LA-ICP-MS exports as counts per second of each element 

for each run.  A run is defined here as one measurement cycle through all elemental 

isotopes sampled.  Each ablation crater consisted of 100 runs, of which approximately 30 

runs were collected with the laser off in order to establish a background blank.  The 

remaining 70 runs were collected while the laser was firing on the statolith.  Using a 

Matlab script, the raw output were reformatted and adjusted for mass interferences to be 
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compatible for the data processing software.  The calculations for these corrections are 

summarized in Equation 3.   
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Two data processing software platforms were tested. The first program is a visual 

basic script written and made available by Dr. Cin-Ty Lee of Rice University.  The 

second is a Matlab script and stand-alone Matlab complier, SILLS, available through, 

Markus Wälle of the Swiss Institute of Technology, Zurich. Based on simplicity and user 

familiarity, the visual basic program was chosen for final data processing, although both 

programs returned similar output results.  Within the visual basic program, settings were 

chosen for limits of detection and the internal standard (43Ca).  The expected values for 

the NIST standards were imported from the most recent comprehensive analysis of the 

concentrations chosen (Jochum et al., 2011).  To quantify the reproducibility of the 

method, the external analytical precision was verified.  Three concentrations of standard 

reference materials from the National Institute of Standards and Technology (NIST) 

were ablated ten times using the same method and settings as were used for all samples.  

The percent relative standard deviation (%RSD) was calculated to compare the results 

across elements using Equation 4, where Me refers to one of the elements measured.  
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%𝑅𝑆𝐷 = _<`ab̅`a
d ∗ 100             Eq. 4 

Actual sample signal for each statolith core was determined by a peak in the 

magnesium signal, because cores have been shown to be magnesium enriched (e.g. 

Zumholz et al., 2007c, Ruttenberg et al., 2005).  For each statolith, the depth of all 

subsequent ablations was set to the core depth by using the same interval of runs unless 

tilting of the statolith was evident.  When this was the case, the run interval was shifted 

accordingly.   

Calibration curves were made for every three statoliths, using three consecutive 

replicate ablations for each of the three standard reference NIST glasses.  For each 

element of interest, the element to calcium ratio for the measured intensities was plotted 

against the expected concentrations of the same.  Concentration of the internal standard 

was taken from the literature to be 400,000 ppm (Zumholz et al., 2007c). The best fit 

line using the three standards and the origin returned a slope as an R2 value for each 

element which can be used as a correction factor for estimating the measured 

concentrations in samples, 𝑚.  Although only the background-corrected element to 

calcium ratios (Me/Ca) were needed for statistical analysis, the program also provides 

estimated concentrations using Equation 5, with m being the calibration coefficient, Me 

being an element, Ca being the internal standard, calcium.   

𝐶j6G;:kl6 =  𝐶m;G;:kl6 ∗
ǹ a
opqrsa

ntp
opqrsa ∗ 𝑚           Eq. 5 
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A new calibration line was plotted for every three statoliths to correct for 

instrument drift.  The values for limit of detection (LOD) were also calculated by the 

program as 3 standard deviations of the background signal as shown in Equation 6. 

𝐿𝑂𝐷j6G;:kl6 =  𝐶m;G;:kl6 ∗
/∗ w`a

Pxyz{

ntp
opqrsa ∗ m`a

oO`

mtpoO`
∗ ntp

oO`

ǹ a
oO`    Eq. 6 

2.3 Statistical Analysis 

In order to determine the effectiveness of these methods for population studies of 

Humboldt squid, several statistical methods were employed using Matlab to resolve 

specific information about the elemental composition of the statoliths collected.  

Elemental ratios resulting from the processing described above were initially checked for 

outliers.  If  |x~ − x�|  > 2s , then x~ was considered an outlier and removed for all 

subsequent analysis. After selecting only statoliths measured under the same conditions 

and removing outliers, the subset of data remaining will be called the subdata.  The 

subdata include 13 statoliths from the Galapagos, 8 from California and 14 from Seattle.  

Normality and homoscedasticity were verified for the remaining data using histograms 

of the data fit to a normal distribution, quantile-quantile (QQ) plots against a standard 

normal, and Bartlett’s test of homogeneous variances.  

Analysis of Variance (ANOVA) was applied to the subdata to determine if the 

differences in mean values between ablation craters were significant within each of the 

three separate populations for each element.  The purpose of this analysis was to reveal 

variations in elemental composition of the statoliths during the lifetime of Humboldt 
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squid if any were present.  Although there were slight deviations from normality for 

these small sample groups, simulation studies have shown the false positive rate is not 

highly effected the violation of the normality assumption (Lindman, 1974, Glass et al., 

1972, Harwell et al., 1992).  In order to determine which ablation spots contributed to a 

significant ANOVA result, post-hoc Tukey multiple comparisons of the means were 

examined (α ≤ 0.05). The multiple comparisons test, or Tukey’s HSD, was chosen over a 

series of t-tests as it takes into account the fact that more than two samples were taken 

even though only two means are compared, reducing the chance of type II errors.  

Additionally, Two-Way Analysis of Variance was performed to be sure no interactions 

occurred between specimen and elements by spot in each geographic region.     

Significant differences between the elemental ratios measured at the core and the 

outer most ablation spot might suggest differences in natal waters and waters where 

animals were captured or died.   ANOVA was again used to compare the means of all 

elements measured at the core and at the final ablation spot available to examine this 

idea.  This was repeated for the second ablation spot versus the last ablation in order to 

remove maternal effects present in the yolk and to compare the water inhabited by 

hatchlings rather than water where eggs incubate. The final spot is defined as the last 

ablation spot with a value for every statolith observation.  Since the specimens collected 

from the Galapagos Island were younger than those collected from the other locations, 

the final spot for statoliths from California and Seattle is the 6th and for the Galapagos is 

the 5th. 
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The data was further condensed to remove all missing values.  Zirconium was 

removed entirely since it was the element with the highest number of values below the 

detection limits.  Only ablation spots 1 through 5 were used since all of the Galapagos 

would have missing values for all elements for the sixth ablation spot.  After this 

filtering, the data set is called the final data.  The final data was again checked for 

normalcy and homoscedasticity, which improved.   

To investigate differences in the overall elemental signatures among the three 

geographic regions, MANOVA was performed on the final dataset to compare the means 

of all elements measured at the core, the second ablation site and at the 5th ablation site. 

The final ablation site for MANOVA is defined as the 5th ablation spot, since it was the 

last spot taken for all three groups.  Significant differences between the elemental 

signatures could indicate that there are distinguishable differences in the populations.  If 

elemental signatures are similar, it is reasonable to deduce that the populations are 

experiencing similarities in ontogenic behavior or environment.  Due to small sample 

size and deviation from homogeneous variances, Pillai’s Trace statistic was used in place 

of the F statistic when applicable.   

Correspondence analysis (CA) was performed on the final dataset to visualize the 

relationships among elements and relationships among individual squid. CA was 

repeated combining the individuals for each region to visualize the relationships among 

the elements and among the geographic regions.  

To determine which elements were candidates for distinguishing variables 

between the three geographic populations, the means and 95% confidence intervals were 
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plotted and the multiple comparisons were reviewed.  Element-spots were selected when 

at least one of the three groups were significantly different than at least one of the other 

two groups.  These included some or all of the spots from Mg, Mn, Cu, Sr, Y, Ba and U.  

The Me/Ca ratios for those elements at chosen spots were normalized according to 

Equation 7, as required for the operation of Principle component analysis (PCA).  This 

data will be called the normalized dataset.  PCA was performed on the normalized 

dataset and 95% confidence ellipses were calculated and drawn on plots of the principle 

component scores for the relevant dimensions.   

𝑥",<78 =
(�(`a/tp),�r��Mb�,�,

<(`a/tp),�r��
               Eq. 7 

Finally, discriminant function analysis (DFA) with permutation testing was 

performed on the principle components to resolve significant variations in collective 

Me/Ca signatures among populations by testing the ability of these methods to 

distinguish among geographic groups.  DFA was conducted using the normalized data, 

which was the input for PCA, and again using the scores that resulted from the PCA.  A 

jackknife method was chosen for the permutation test and consisted of 1000 iterations of 

randomly selected datasets with one individual held out to determine if successful 

reclassification of the final individual into the correct a priori group was significantly 

different from reclassification by chance. 
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3. RESULTS  

 

3.1 Calibrations 

The results of the external precision test can be seen in Table 2.  As the percent 

relative standard deviation is on average less than 3%, the LA-ICP-MS is assumed to be 

in excellent working order.  This was consistent throughout the duration of the sampling 

period. 

Calibration curves were made for every set of three statoliths.  An example 

calibration curve plot is shown in Figure 3. The measured values and expected 

concentrations for the three NIST glass standard reference materials were plotted versus 

the measure and expected intensities of the NIST standard reference materials. The best 

fit line for the three resulting points was forced through the origin, returning an R2 value 

representing the severity of the calibration.  All calibration curves were very near R2=1, 

with most being R2>0.99.   This indicates that very little corrections were necessary 

when calculating the estimated concentration of each element. 
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Table 2.  Summary of 10 consecutive ablations of the three standard reference materials.  Average, sample 
standard deviation, percent relative standard deviation and expected values as determined by Jochum et 

al., 2011, are given. 

 

 

Table 2.   Summary of 10 consecutive ablations of the three standard reference materials.  Average, sample standard 
deviation, percent relative standard deviation and expected values as determined by Jochum et al., 2011, are given.

Average s %RSD Expected Average s %RSD Expected Average s %RSD Expected
24Mg 358.642 4.085 1.139 432 56.666 0.452 0.798 68 33.797 0.342 1.013 33.8

55Mn 478.913 4.614 0.963 444 39.884 0.658 1.649 38.7 1.405 0.155 11.027 1.42

63Cu 409.430 8.653 2.113 441 33.601 0.854 2.542 37.8 1.364 0.092 6.719 1.37

64Zn 535.021 12.383 2.315 460 41.406 0.540 1.304 39.1 2.771 0.240 8.659 2.79

87Sr 542.050 31.946 5.894 515.5 78.532 2.691 3.427 78.4 45.790 0.716 1.564 45.8

89Y 500.247 10.162 2.031 462 39.486 0.411 1.040 38.3 0.789 0.023 2.960 0.79

90Zr 469.302 10.711 2.282 448 38.163 0.646 1.693 37.9 0.845 0.054 6.415 0.848

138Ba 470.416 5.802 1.233 452 39.622 0.389 0.981 34.3 3.198 0.090 2.811 3.2

207Pb 465.079 20.802 4.473 426 38.326 0.638 1.665 38.57 2.318 0.072 3.126 2.32

238U 506.596 8.478 1.673 461.5 38.117 0.357 0.937 37.38 0.822 0.022 2.621 0.823

NIST 610 NIST 612 NIST 614
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F igure 3.  Example calibration curve plot of the three NIST glass standard reference materials, 610, 612, and 614.  The regression line has been forced 
through the origin. 
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3.2 Descriptive Statistics 

A summary of all estimated concentrations was compiled into Table 3.   

Table 3.  Summary of estimated elemental concentrations in parts per million.  Ranges, averages and 
sample standard deviations are given. 

 Minimum Maximum Average s 
24Mg 27.739 568.174 128.299 73.232 

     
55Mn 0.195 5.092 1.267 0.848 

     
63Cu 0.042 9.816 0.378 0.689 

     
64Zn 0.154 5.463 0.748 0.682 

     
87Sr 1.553 7965.301 6322.841 727.456 

     
89Y 3.93E-03 0.380 4.22E-02 3.18E-02 

     
90Z r 5.14E-05 0.473 4.20E-02 5.20E-02 

     
138Ba 3.415 27.224 7.874 4.066 

     
207Pb 0.025 5.589 0.174 0.482 

     
238U 1.77E-05 1.098 2.37E-02 6.41E-02 
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As a reminder, the subdata is a subset of the total dataset as described in the 

methods.  A summary of the element to calcium (Me/Ca) measurements for the subdata 

was compiled into Table 4 and a summary of the estimated concentrations for the 

subdata was compiled into Table 5.   

Table 4.  Summary of element/calcium ratio values in millimol per mol.  Ranges, averages, and sample 
standard deviation are given. 

 Minimum Maximum Average s 
24Mg 0.105 0.524 0.198 0.077 

         
55Mn 3.43E-04 9.73E-03 2.41E-03 1.72E-03 

         
63Cu 5.44E-05 4.51E-03 1.61E-04 3.20E-04 

         
64Zn 1.22E-04 3.44E-03 3.63E-04 2.84E-04 

         
87Sr 1.031 1.426 1.208 0.077 

          
89Y 2.36E-05 1.11E-04 4.69E-05 1.09E-05 

         
90Z r 3.40E-06 1.03E-04 1.63E-05 1.38E-05 

         
138Ba 5.04E-03 3.25E-02 1.28E-02 5.58E-03 

         
207Pb 1.41E-05 2.72E-04 5.73E-05 2.97E-05 

         
238U 5.19E-06 1.49E-04 3.17E-05 2.80E-05 
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Table 5.  Summary of estimated elemental concentrations in parts per million of the subdata.  Ranges, 
averages, and sample standard deviations are given. 

 Minimum Maximum Average s 
24Mg 86.575 568.174 158.422 73.860 

         
55Mn 0.195 5.092 1.186 0.915 

         
63Cu 0.042 3.623 0.195 0.507 

         
64Zn 0.154 4.545 0.487 0.557 

         
87Sr 5632.021 7743.052 6642.988 437.763 

          
89Y 2.00E-02 0.132 4.31E-02 1.53E-02 

         
90Z r 6.44E-03 0.473 3.45E-02 5.41E-02 

         
138Ba 3.415 27.224 9.081 4.659 

         
207Pb 0.026 5.589 0.177 0.694 

         
238U 1.77E-05 1.098 2.25E-02 1.11E-01 

 

3.3 Assumptions 

Normalcy and homoscedasticity were examined for the subdata.  Figure 4 shows 

a histogram where the red line is an overlay of a true normal distribution for comparison.   

The data, although slightly skewed, is approaching normality and it is assumed that the 

overall population meets the normalcy requirement, despite the sample size being small. 
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F igure 4.  Histogram of subdata with a normal distribution overlay. 

Additionally, a quantile-quantile plot of the subdata is shown in Figure 5.  Again, 

the subdata perform reasonably well versus a standard normal distributions with some 

deviations at the tails.   

 
F igure 5.  QQ plot of subdata against a standard normal distribution. 
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Homoscedasticity, or homogeneous variances, was verified using Barlett’s test 

and the results are presented in Table 6. The null hypothesis for this test is similar to a t-

test: Ho= variances are the same.  With p≥0.05, the null hypothesis cannot be rejected 

and the assumption of homogeneous variances is met. 

Table 6.  Bartlett's test for homogeneous variances results for the subdata. 

 
G roup Count Mean Std Dev 

 
1 535 -1.87E-11 0.9240 

 
2 612 1.63E-12 0.9505 

 
3 874 4.58E-12 0.9597 

 
Pooled 2021 -2.47E-12 0.9473 

     
 

Barlett's statistic 1.014 
 

 
Degrees of freedom 2 

 
 

p-value 0.602 
  

3.4 Spatial Variation of Elements 

The following figures (Figures 6-15) plot the means of each Me/Ca ratio for each 

ablation spot for the three geographic locations as calculated using the subdata.  Error 

bars represent the 95% confidence interval for each mean.  Means and confidence 

intervals for the 8th spot were not plotted for two reasons: there were only four statoliths 

large enough to support an 8th ablation; and they were all from the California samples, 

which prevents comparison to the other populations.       
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F igure 6.  Average magnesium/calcium ratios with 95% confidence intervals for three geographic regions. 
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F igure 7.  Average maganese/calcium ratios with 95% confidence intervals for three geographic regions. 
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F igure 8.  Average copper/calcium ratios with 95% confidence intervals for three geographic regions. 
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F igure 9.  Average zinc/calcium ratios with 95% confidence intervals for three geographic regions. 
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F igure 10.  Average strontium/calcium ratios with 95% confidence intervals for three geographic regions. 
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F igure 11.  Average yttrium/calcium ratios with 95% confidence intervals for three geographic regions. 
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F igure 12.  Average zirconium/calcium ratios with 95% confidence intervals for three geographic regions. 
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F igure 13.  Average barium/calcium ratios with 95% confidence intervals for three geographic regions. 
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F igure 14.  Average lead/calcium ratios with 95% confidence intervals for three geographic regions. 
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F igure 15.  Average uranium/calcium ratios with 95% confidence intervals for three geographic regions. 
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3.5 Analysis of Variance 

ANOVA results are compiled in Table 7. Each element was evaluated separately 

for each geographic location.  The 8th ablation spots were again left out of this analysis.  

Significant p-values (α≤0.05) are highlighted representing a variation is present in the 

Me/Ca across the statolith. Post-hoc Tukey HSD multiple comparisons were examined 

to isolate which ablation spots exhibited significant differences.  The results will be 

discussed in the following section. 

Two-way ANOVA revealed no interaction effects between specimen and 

elements by spot for any of the three geographic regions.  Significant differences were 

confirmed among element spots with p<0.0001 for all three geographic regions.  

Interestingly the Galapagos specimens and Seattle specimens did show significant 

variations indicating mixed cohorts were present for these groups.  This is supported by 

the back-calculated hatch date data from the growth ring age estimations. 

To examine variation between two specific ablation spots, Analysis of Variance 

was performed again using only element to calcium ratios in the core and the final spot 

and once more on the second ablation spot and the final spot.  Again, the final spot is 

defined as the last ablation spot with a value for every statolith observation making the 

final spot for statoliths from California and Seattle the 6th and for the Galapagos the 5th.  

These results are compiled in Tables 8 and 9.  
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Table 7.  Summary of Analysis of Variance for each Me/Ca for ablation spots 1 through 6 or 7 for each of the three geographic locations.  Significant p-
values (α≤0.05) are bold and highlighted.  Any p-values smaller than 1x10-4 are listed as <0.0001. 

 

Table 7 .   Summary of Analysis of Variance for each Me/Ca for ablation spots 1 through 6 or 7 for each of the three geographic locations.
Significant p‐values ( α ≤ 0.05)  are in highlighted.  Any p‐values smaller than 1x10 ‐4  are listed as <0.0001.

df MS F value p value df MS F value p value df MS F value p value
24Mg 6 8.62E‐02 126.384 <0.0001 6 1.79E‐02 21.163 <0.0001 5 7.16E‐02 44.567 <0.0001

55Mn 6 4.00E‐05 42.157 <0.0001 6 1.18E‐05 18.575 <0.0001 5 2.31E‐05 18.880 <0.0001

63Cu 6 1.74E‐08 5.071 0.0002 6 1.12E‐08 5.588 0.0002 5 2.89E‐08 2.868 0.0225

64Zn 6 7.77E‐08 2.270 0.0451 6 5.88E‐08 3.934 0.0031 5 3.72E‐08 0.924 0.472

87Sr 6 1.44E‐02 4.689 0.0004 6 1.20E‐02 6.554 <0.0001 5 5.36E‐02 14.295 <0.0001

89Y 6 1.14E‐10 1.674 0.138 6 9.25E‐11 1.331 0.263 5 2.46E‐10 1.118 0.361

90Zr 6 5.07E‐11 1.065 0.392 6 5.85E‐11 2.082 0.075 5 8.59E‐10 1.872 0.120

138Ba 6 1.68E‐04 8.420 <0.0001 6 8.23E‐05 5.217 0.0004 5 1.05E‐05 15.340 <0.0001

207Pb 6 3.86E‐09 3.453 0.0044 6 1.72E‐09 10.014 <0.0001 5 4.30E‐10 0.865 0.511

238U 6 4.59E‐09 5.406 0.0001 6 1.53E‐09 2.481 0.0382 5 1.53E‐09 7.198 <0.0001

Seattle California Galapagos
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Table 8.  Summary of Analysis of Variance for each Me/Ca for ablations at the core versus the last spot for each of the three geographic locations.  
Significant p-values (α≤0.05) are in bold and highlighted.  Any p-values smaller than 1x10-4 are listed as <0.0001. 

 

Table 8.   Summary of Analysis of Variance for each Me/Ca for ablations at the core versus the last spot for each of the three geographic locations.
Significant p‐values ( α ≤ 0.05)  are in bold and highlighted. Any p‐values smaller than 1x10 ‐4  are listed as <0.0001.

df MS F value p value df MS F value p value df MS F value p value
24Mg 1 3.16E‐01 333.700 <0.0001 1 6.18E‐02 59.375 <0.0001 1 2.52E‐01 68.836 <0.0001

55Mn 1 1.20E‐04 54.485 <0.0001 1 3.83E‐05 74.686 <0.0001 1 7.20E‐05 23.780 <0.0001

63Cu 1 8.84E‐09 1.334 0.2616 1 3.34E‐09 1.785 0.2064 1 8.65E‐08 6.572 0.0181

64Zn 1 2.09E‐09 0.022 0.8829 1 2.87E‐11 0.001 0.9797 1 1.24E‐07 2.498 0.1289

87Sr 1 1.70E‐02 14.598 0.0009 1 9.52E‐03 8.103 0.0159 1 1.50E‐01 29.835 <0.0001

89Y 1 9.39E‐15 0.000 0.9904 1 5.42E‐11 0.645 0.4388 1 6.53E‐10 1.714 0.2047

90Zr 1 4.90E‐12 0.159 0.6952 1 1.68E‐10 5.046 0.0443 1 1.23E‐09 2.641 0.1250

138Ba 1 1.39E‐04 12.080 0.0020 1 8.94E‐06 2.139 0.1716 1 1.58E‐06 1.937 0.1786

207Pb 1 8.58E‐09 19.697 0.0002 1 3.34E‐09 13.782 0.0034 1 7.33E‐10 1.373 0.2544

238U 1 9.05E‐09 8.378 0.0090 1 3.01E‐09 2.619 0.13664 1 4.35E‐09 19.992 0.0002

Seattle California Galapagos
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Table 9.  Summary of Analysis of Variance for each Me/Ca at the second ablation spot versus the last spot for each of the three geographic locations.  
Significant p-values (α≤0.05) are in bold and highlighted.  Any p-values smaller than 1x10-4 are listed as <0.0001. 

Table 9.   Summary of Analysis of Variance for each Me/Ca at the second ablation spot versus the last spot for each of the three geographic
locations.  Significant p‐values ( α ≤ 0.05)  are in bold and highlighted. Any p‐values smaller than 1x10 ‐4  are listed as <0.0001.

df MS F value p value df MS F value p value df MS F value p value
24Mg 1 1.15E‐02 22.810 0.0001 1 1.10E‐03 1.083 0.3185 1 6.53E‐03 16.046 0.0006

55Mn 1 1.07E‐05 13.273 0.0014 1 7.39E‐06 5.789 0.0332 1 2.61E‐07 2.252 0.1477

63Cu 1 1.50E‐08 3.128 0.0922 1 1.08E‐08 7.521 0.0178 1 1.05E‐08 2.341 0.1410

64Zn 1 1.82E‐07 2.200 0.1536 1 1.15E‐07 4.709 0.050794 1 2.17E‐10 0.015 0.9034

87Sr 1 6.02E‐03 3.674 0.0678 1 1.64E‐02 12.504 0.0047 1 3.74E‐03 1.122 0.3011

89Y 1 3.31E‐11 0.745 0.3973 1 1.11E‐10 2.120 0.1710 1 1.77E‐13 0.002 0.9660

90Zr 1 9.04E‐11 7.071 0.0151 1 7.23E‐12 0.638 0.4414 1 1.08E‐10 0.161 0.6938

138Ba 1 2.40E‐04 23.024 <0.0001 1 3.11E‐06 0.131 0.7236 1 2.16E‐05 30.301 <0.0001

207Pb 1 1.29E‐08 34.834 <0.0001 1 6.45E‐09 36.934 <0.0001 1 1.26E‐09 1.936 0.1787

238U 1 1.94E‐09 11.241 0.0033 1 2.75E‐10 0.377 0.5530 1 2.19E‐10 1.853 0.1886

Seattle California Galapagos
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3.6 Multivariate Analysis of Variance 

Multivariate Analysis of Variance (MANOVA) was used to evaluate differences 

in the overall elemental signatures among the three geographic regions.   MANOVA 

mathematics do not allow for empty values in the dataset.  Empty values were present in 

the subdata for ablation spots 7 and 8 when statoliths were not large enough to allow for 

8 ablation sites.  Additional values were missing when elements measured returned 

values below the detection limit.   These observations were condensed or removed.  At 

this point, all zirconium measurements were removed as this element contained the 

greatest number of missing values due to readings below the detection limit.  This final 

dataset includes 11 statoliths from the Galapagos, 8 from California and 11 from Seattle. 

Results of MANOVA testing were compiled into Table 10.  Again, the final 

ablation site for MANOVA is defined as the 5th ablation spot, since it was the last spot 

taken for all three groups.    

3.7 Correspondence Analysis 

Correspondence analysis (CA) was performed on the final dataset to visualize the 

relationships among elements and among individual squid. The results from this CA 

demonstrate that the first two dimensions reconstruct 98.09 % of the chi-square value 

(Table 11).   Scores for each ablation for each individual squid are plotted on the first 
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Table 10.  Summary of Multivariate Analysis of Variance using overall Me/Ca signatures for all three 
geographic locations and multiple comparisons between each pair of locations.  Significant p-values 

(α≤0.05) are in bold and highlighted.  Any p-values smaller than 1x10-4 are listed as <0.0001. 
  L χ2 df  p value 

C O R ES 0.2043 36.5322 18 0.0060 
          

2nd ablation 0.1735 40.2854 18 0.0019 
          

5th ablation 0.1148 47.6146 18 0.0002 
          

  California v 
Galapagos 

California v 
Seattle 

Galapagos v 
Seattle   

C O R ES 0.0502 0.0199 0.0033   
          

2nd ablation 0.0185 0.4081 0.0042   
          

5th ablation <0.0001 0.05721 0.0424   
     

6th ablation - 0.0008 -  
         

7th ablation - 0.0110 -  
 

two dimensions in blue in Figure 16.  Red spots represent the elements, 24Mg 55Mn 63Cu 

64Zn 87Sr 89Y 138Ba 207Pb 238U.  Since there are five spots in this dataset for each squid, 

there are 145 observations for this figure.  In order to clarify which observations are 

from each region, Figure 17 was created using the same data with geographic groups 

assigned the same color scheme used earlier.  It is important to note that CA does not 

distinguish among the groups a priori, which is why the observations are traditionally 

monochromatic.  The color scheme presented in Figure 17 is only for labeling purposes. 
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To simplify the relationships, CA was repeated combining the individuals in a 

mean for each region.  This provides a visualization of the relationships among the 

elements and among the geographic regions by ablation location. The results show that 

94.29% of the chi-square value can be reconstructed by the first two dimensions (Table 

12).   Again, the first two dimensions were used to plot the scores with red spots 

representing the elements in ascending value (Figure 18).  Locations/spots are shown in 

blue.  For clarity, a color scheme was added to the results in Figure 19. 

Table 11.  Correspondence analysis reconstruction of the final data. 
Singular Value Inertia χ 2 Percent χ 2 Cumulative % 

0.1180 0.0139 2.8624 87.14 87.64 
0.0408 0.0017 0.3415 10.46 98.09 
0.0148 0.0002 0.0450 1.38 99.47 
0.0065 0.0000 0.0086 0.26 99.74 
0.0043 0.0000 0.0039 0.12 99.85 
0.0036 0.0000 0.0026 0.08 99.93 
0.0030 0.0000 0.0019 0.06 99.99 
0.0012 0.0000 0.0003 0.01 100 

Total 0.0159 3.2662 100.00   
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Table 12.  Correspondence analysis reconstruction percent variance of the final data with individuals 
averaged by location. 

 Singular Value Inertia χ 2 Percent χ 2 Cumulative % 
0.1011 0.0121 0.2608 92.26 92.26 
0.0314 0.0010 0.0212 7.48 99.75 
0.0052 0.0000 0.0006 0.21 99.96 
0.0017 0.0000 0.0001 0.02 99.98 
0.0011 0.0000 0.0000 0.01 99.99 
0.0010 0.0000 0.0000 0.01 100 
0.0006 0.0000 0.0000 0.00 100 
0.0003 0.0000 0.0000 0.00 100 

Total 0.0131 0.2827 100.00   
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F igure 16.  Plot of the first two dimensions for a correspondence analysis performed on the final data.  Blue circles mark the score for each ablation spot 
for each of the individual squid.   Red circles represent the 9 elements as labeled. 
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F igure 17.  Plot of the first two dimensions for a correspondence analysis performed on the final data.  Colored circles mark each ablation spot for each 
of the individual squid and each color represents one geographic region.   Black circles represent the 9 elements as labeled. 
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F igure 18.  Plot of the first two dimensions for a correspondence analysis performed on the geographic means of the final dataset.  Blue circles mark 
each ablation spot for each geographic region as labeled.   Red circles represent the 9 elements as labeled. 
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F igure 19.  Plot of the first two dimensions for a correspondence analysis performed on the geographic means of the final dataset.  Colored circles mark 
each ablation spot with one color representing each geographic region.   Black circles represent the 9 elements as labeled.
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3.8 Assumptions for Orientation 

Normalcy and homoscedasticity were examined again after normalizing the data.  

Figure 20 shows a histogram where the red line is an overlay of a true normal 

distribution for comparison.   The normalized data is a closer fit to the normal 

distribution than the subdata, and it is assumed that the overall population meets the 

normalcy requirement. 

 
F igure 20.  Histogram of the normalized data with a normal distribution overlay. 

Again, a quantile-quantile plot of the normalized data was created (Figure 21).  

The normalized data again performs even better versus a standard normal distribution 

than the subdata did before normalization. 
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F igure 21.  QQ plot of the normalized data against a standard normal distribution. 

Homoscedasticity, or homogeneous variances, was again verified using Barlett’s 

test and the results are presented in Table 13. The null hypothesis for this test is similar 

to a t-test where: H0= variances are the same.  With p≥0.05, the null hypothesis cannot 

be rejected and the assumption of homogeneous variances is met. 

Table 13.  Bartlett's test for homogeneous variances for the normalized data.  The homoscedasticity 
assumption was met. 

 
G roup Count Mean Std Dev 

 
1 266 0.1545 0.37428 

 
2 410 0.1522 0.36652 

 
3 407 0.1693 0.38898 

 
Pooled 1083 0.1592 0.37701 

     
 

Barlett's statistic 1.473 
 

 
Degrees of freedom 2 

 
 

p-value 0.479 
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3.9 Principle Component Analysis 

To maximize the results of the principle component analysis (PCA), the data was 

filtered and only select spots for each element were chosen from the normalized data.  

After examining the multiple comparisons and the XY plots with 95% confidence 

intervals, the following elements and the given ablation spots were selected:  

Magnesium, 1-5; Manganese, 2 and 3; Copper, 2,3, and 5; Strontium, 1,3,4,and 5; 

Yttrium, 3; Barium, 1-5; and Uranium, 2.  All dimensions, percent variance explained 

and cumulative percent variance explained values are compiled in Table 14.  A scree 

plot of the percent variance explained demonstrated a clear break between the first and 

second principle component (Figure 22).  Since the first principle component only 

explains 40.68% of the variance, more components will be used to characterize the data.  

PCA showed that the first three dimensions explained 65.52% of the overall variance, 

which should provide a reasonable dimension reduction to represent any variations in the 

data.   

To visualize the spatial distribution of the specimen and the variation in the 

elemental composition among the geographic regions, the scores for the specimen were 

plotted for the first three principle components in Figure 23.  The principle component 

scores for each of the squid were plotted on the first two principle components in Figure 

24, with 95% confidence ellipses for each of the three geographic locations:  red for 

California, green for the Galapagos, and blue for Seattle.  The id number for each squid 

relates it to the geographic region it was caught:  1-7 were collected off California; 8-18 
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off the Galapagos and 19-29 off Seattle.  This was repeated for the first and third 

dimension and the second and third dimensions (Figures 25 and 26). 

Table 14.  Principle component analysis results showing the percent of the variance explained by           
each dimension and the cumulative percent explained. 

Dimension  Percent  Explained Cumulative  % 
1 40.68 40.68 
2 14.60 55.28 
3 10.24 65.52 
4 8.14 73.66 
5 6.09 79.75 
6 4.02 83.77 
7 3.62 87.39 
8 2.68 90.07 
9 2.56 92.63 
10 2.14 94.77 
11 1.71 96.48 
12 0.91 97.38 
13 0.69 98.07 
14 0.48 98.55 
15 0.42 98.97 
16 0.38 99.35 
17 0.27 99.62 
18 0.15 99.77 
19 0.15 99.92 
20 0.07 99.99 
21 0.01 100.00 
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F igure 22.  Scree plot of the percent variability explained by each of the first ten principal components. 
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F igure 23.  Three dimensional rendering of the first three principle components of the normalized final dataset.  Blue lines represent the eigenvectors 
for each element spot used in the PCA.  Green circles represent the specimen collected from the Galapagos, Red represents the specimen from 

California and blue are those from Seattle. 
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F igure 24.  Plot of the first two principle components of the normalized final dataset.  Markers 1-7 represent the scores of specimen collected in 
California and the 95% confidence ellipse is red.  Markers 8-18 represent the scores of specimen collected in the Galapagos with a 95% confidence 

ellipse displayed in green. Markers 19-29 represent scores of specimen collected near Seattle with a blue 95% confidence ellipse. 
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F igure 25.  Plot of the first and third principle components of the normalized final dataset.  Markers 1-7 represent the scores of specimen collected in 
California and the 95% confidence ellipse is red.  Markers 8-18 represent the scores of specimen collected in the Galapagos with a 95% confidence 

ellipse displayed in green. Markers 19-29 represent scores of specimen collected near Seattle with a blue 95% confidence ellipse. 
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F igure 26.  Plot of the second and third principle components of the normalized final dataset.  Markers 1-7 represent the scores of specimen collected in 
California and the 95% confidence ellipse is red.  Markers 8-18 represent the scores of specimen collected in the Galapagos with a 95% confidence 

ellipse displayed in green. Markers 19-29 represent scores of specimen collected near Seattle with a blue 95% confidence ellipse.



 

72 

 

3.10 Discriminant Function Analysis 

To quantify the success of using LA-ICP-MS for a population study of D . gigas, 

discriminant function analysis (DFA) was performed on the normalized data.  The 

results show that the first two dimensions explain all of the variance in the elemental 

composition of the statolith among the three geographic regions (Figure 27).  The 

jackknife reclassification success was 75.86%, p=0.0001, which rejects the null 

hypothesis that the reclassification success was no better than would occur by chance.   

 
F igure 27.  Scatterplot of the first two dimensions of the discriminant function analysis of the    

normalized data. 

-4 -2 0 2 4 6
-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

California

Galapagos 

Seattle   

DF1 (94.1%)

D
F2

 (5
.9

%
)



 

73 

 

4. DISCUSSION 

 

4.1 LA-ICP-MS 

The overall performance of the LA-ICP-MS was satisfactory with low relative 

standard deviations (average < 3%) comparable or much better than previous studies 

(Zumholz et al., 2007c, Warner et al., 2009) and minimal instrument drift throughout the 

day.  NIST standards performed well for these methods with very good agreement 

between expected and measured concentrations.  However, there was significant 

variability of statolith measurements taken under the same method in different months 

(July vs. August) and signs of greater variance in the sample set than found in other 

studies (Zumholz et al., 2007c).  This can most likely be attributed to other ICP-MS 

users and adjustments made to equipment while incorporating the new laser ablation unit 

into the laboratory.  Overall LA-ICP-MS proved to be an excellent method for ease, time 

and cost. 

4.2 Assumptions 

All data sets met necessary the assumptions for statistical testing. 

4.3 Descriptive Statistics 

When compared with previous studies of similar methods, the elemental ranges 

and means found for Dosidicus gigas in this study were in reasonable agreement with 

previously published results (Table 15).  The most noticeable deviation from congruency 

is the values for Sr:Ca found by Liu, et al. (2011), which are an order of magnitude 

higher than most other studies including this one. However, the estimated concentration 
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ranges found in the lower half of Table 15 match more closely the values found in 

previous studies.  The differences between the values found for this study and others 

may be attributed to differences in methodology.  Liu, et al., (2011) used a method of 

preserving the statoliths in alcohol after dissection, rather than storing them dry after 

dissection (Zumholz et al., 2007c, Warner et al., 2009).  Some studies used a single point 

calibration instead of measuring three NIST standard glass materials which may explain 

how calculated concentrations agree better than Me:Ca values (Zumholz et al., 2007c, 

Warner et al., 2009).  Liu, et al., (2011) also reported a lower overall range for barium 

concentration (ppm) than the current study, which might be due to the higher barium 

levels found in the samples taken from regions outside the tropical equatorial Pacific 

(Seattle and California). The higher Pb:Ca values found by Warner, et al. (2009) may be 

a sign of coastal influence, as D . gigas, G . fabricii, and L. gahi are larger, more pelagic 

species than D . opalescens (Roper et al., 1984).  Me:Ca ranges for Y and Zr were large 

with higher maximums when compared to Zumholz, et al., (2007c), which may be due to 

that study having a larger sample size and all specimens coming from the same month 

and location.  Other Me:Ca values and concentrations are within the same order of 

magnitude with similar ranges of previous studies.  Copper values were not measured in 

any of the most relevant cephalopod LA-ICP-MS studies, so it is not included in Table 

15. 
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Table 15.  Comparison of elemental concentration results with comparable literature sources. Table 14 Comparison of elemental concentration results with comparable literature sources.
Element Me/Ca ratio range (µmol mol‐1)

Dosidicus gigas 
(Arbuckle)

Dosidicus gigas 
(Arbuckle)(MEAN)

Dosidicus gigas 
(Liu, et al. 2011)

Gonatus fabricii
(Zumholz, et al. 2007)

Doryteuthis opalescens
(Warner, et al., 2009)

Loligo gahi
(Arkhipkin, et al., 2004)

Mg 105‐524 198 79‐233 110‐590 590‐2810 70‐350
Sr 1031‐1426 1208 14800‐16400 6300‐8100 9370‐10800 8000‐8500
Ba 5‐32.5 12.8 11.2‐23.8 5.7‐8.2 6.18‐10.71  3‐8 

Mn 0.3‐9.7 2.41 ‐ 3.2‐6.8 1.56‐24.49  1‐3 
Pb 0.014‐0.27 0.0573 ‐ 0.006‐0.037 0.42‐2.33 0.002‐0.030
Zn 0.12‐3.4 0.363 ‐ 0.9‐4.5 ‐ ‐
Y 0.024‐0.11 0.0469 ‐ 0.056‐0.081 ‐ ‐
Zr 0.0034‐0.103 0.0163 ‐ 0.012‐0.029 ‐ ‐
U 0.0052‐0.15 0.0317 ‐ 0.002‐0.009 ‐ ‐

Element Concentration range (ppm)
Mg 86.6‐568.2 158 30.9‐93.9 25‐140 ‐ ‐
Sr 5632‐7743 6643 5871‐6570 5500‐7100 ‐ ‐
Ba 3.4‐27.2 9.081 4.5‐9.5 7.8‐11.3 ‐ ‐

Mn 0.195‐5.092 1.186 ‐ 1.8‐3.7 ‐ ‐
Pb 0.026‐5.589 0.177 ‐ 0.013‐0.076 ‐ ‐
Zn 0.154‐4.545 0.487 ‐ 0.6‐2.9 ‐ ‐
Y 0.02‐0.132 0.0431 ‐ 0.02‐0.14 ‐ ‐
Zr 0.006‐0.473 0.0345 ‐ 0.01‐0.026 ‐ ‐
U 0.00002‐1.098 0.0225 ‐ 0.005‐0.022 ‐ ‐
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4.4 Analysis of Variance 

Analysis of Variance using all ablation locations showed statistically significant 

variation patterns across the statolith for all geographic regions sampled for all elements 

except Yttrium and Zirconium (Table 7).   Variation was also not significant for Zinc 

and Lead in the Galapagos samples, though it was significant for the other two 

geographic regions.  This is strong evidence that variations occur in the elemental 

composition of the statolith as specimens grow, providing a potential record of their 

environmental surroundings, diet and behavioral shifts.  This information might prove a 

useful tool in explaining ontogeny of neritic to pelagic species and augments previous 

findings (Liu et al., 2011).  These patterns will now be reviewed using post-hoc Tukey 

HSD multiple comparisons results. 

4.4.1 Magnesium 

All three geographic regions exhibited the same general pattern of variation 

across the statolith for magnesium, with the core being enriched compared to post 

hatching values.  According to the multiple comparisons results, the Mg:Ca continued to 

decline in the Seattle population with significant differences between the second ablation 

location and the 5th,6th, and 7th ablation as well as between the third ablation and the 

4th,5th, 6th and 7th location.  This pattern of magnesium enrichment while embryos feed 

from the yolk has been well documented in other studies and was expected (Arkhipkin et 

al., 2004, Zumholz et al., 2007c, Warner et al., 2009).  Liu, et al., (2011), did not find 

significance in Mg:Ca variation across statoliths of D . gigas, so this is the first report of 

this pattern for this species.   
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4.4.2 Manganese 

Manganese demonstrated a similar pattern in all three geographic regions and 

resembled the core enriched magnesium. Significant differences occurred in the multiple 

comparisons between the core and all other ablation locations for all three sampling 

regions.  There were also significant differences between the second ablation and the 4th, 

5th, 6th and 7th ablation for the California group and the second ablation and the 5th, 6th 

and 7th ablation for the Seattle group.  A 2009 publication found a Pacific species (the 

market squid) showed a similar decrease in manganese from the core to one ablation 

point outside of the core (Warner et al., 2009). However, despite the concentration and 

Mn:Ca values similar to previous studies on a neritic Atlantic squid species, the pattern 

displayed is nearly the opposite (Zumholz et al., 2007c).  This is the first report of the 

Mn:Ca pattern for D . gigas. 

4.4.3 Copper 

Copper exhibited a more complex pattern than magnesium or manganese.  

Although the cores were slightly enriched, they were not as dramatic as seen in the 

previous two elements.  In the Galapagos sample, there was a gradual decline in Cu/Ca 

values and no ablation locations were significantly different.  In both Seattle and 

California, there was an initial decline with a mixed increase after the third or fourth 

ablation.  Significant differences were found in the multiple comparisons for California 

between the core and the 2nd, 3rd, and 4th ablations, as well as between the sixth ablation 

and the 2nd, 3rd, and 4th ablations.  For Seattle, only the core was significantly different 

from the 2nd, 3rd, 5th and 6th ablations.  Copper was not measured in many previous 
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studies, but the pattern found here most closely resembles Yttrium as measured by 

Zumholz, et al. (2007c).  Copper was measured in Humboldt squid by Ikeda, et al., 

(2002b) and significant differences were found between ENSO years, with 

concentrations being higher in El Niño years.  The copper concentrations reported by 

Ikeda, et al., (2002b) were much higher with larger variances than the current study (10-

89 ppm; s > �̅�).  Using back calculated age estimations, the squid sampled in this studied 

were alive only during the 2007 La Niña conditions, which provides some explanation of 

the lower copper values found in the current investigation (Wolter, 2012).  If surface 

concentrations of copper are reduced, the pattern found in the current study, especially in 

the California specimen, might be demonstrating hatchling and young squid living near 

the surface.  This is the first report of statolith copper patterns in D . gigas. 

4.4.4 Zinc 

Zinc showed less variation across the statolith with a very weak U-shape.  No 

individual points were significantly different in the multiple comparisons for either the 

Galapagos or Seattle.  California only showed significant differences between the core 

and the 4th and 5th ablations, making it the only group which truly exhibited the U-

shaped pattern.  This pattern is the same as was found in previous studies using other 

cephalopod species (Zumholz et al., 2007c, Zumholz et al., 2006).  Like copper, 

concentrations ranges for zinc found here were also much lower than found in a previous 

study involving D . gigas in the eastern equatorial pacific, again possibly due to 

difference in ENSO index or measurement method (Ikeda et al., 2002b). Again, 

California specimens exhibit a pattern that matches environmental conditions if young 
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squid remain near the surface and migrate to deeper waters as they increase in size.  This 

is the first report of zinc patterns in D . gigas statoliths. 

4.4.5 Strontium 

Strontium demonstrated a distinctly varied pattern when comparing the three 

geographic regions, despite being a conservative element (Bruland, 1983).  Although all 

cores are considered enriched with significantly lowered values in the second ablation 

location, the three populations each demonstrated a different curve for the subsequent 

ablations.  The Galapagos group values remained the lowest, the Seattle group showed a 

moderate increase and the California group demonstrated a full rebound.  Using the 

multiple comparisons, the Galapagos group only significantly differed between the core 

and all other ablations, the Seattle group core was significantly different than the 2nd, 3rd, 

4th and 6th ablations, and the California group showed significant differences between the 

core and the 2nd and 3rd ablations as well as the 2nd ablation and the 4th, 5th and 6th 

ablations.  The California curve most closely matched the results found in previous LA-

ICP-MS squid studies (Liu et al., 2011, Zumholz et al., 2007c).  Strontium has been 

linked to water temperature in corals and squid (e.g. Arkhipkin et al., 2004, Ikeda et al., 

1996, Liu et al., 2011, Smith et al., 1979, Zumholz et al., 2007c), often demonstrating a 

negative correlation.  Although no direct relationship between temperature and strontium 

incorporation into the statolith has been calculated for Humboldt squid, it may be 

possible to use the general inverse relationship as a trend to understand the differences 

found among the ablation locations for the three regions.  It is reasonable to assume that 

paralarval Humboldt squid will remain in surface waters which would generally be 



 

80 

 

warmer than deeper water where adults are known to spend daylight hours.  This would 

agree with the curves found here except for the Galapagos, which would suggest adults 

inhabit water no cooler than paralarvae.   This is explained by the moderate La Niña 

event that the Galapagos specimen experienced which reduced the surface to depth 

temperature gradients in that region (Wolter, 2012).  Dietary effects may prevent a 

simple relationship between temperature and strontium incorporation into the statolith, 

which might explain why the Sr:Ca curve for Seattle doesn’t rebound as drastically than 

the California group (Zumholz et al., 2006).  Additionally, strontium presence in 

incubation water was determined to be necessary for proper statolith formation in 

multiple cephalopod species, so it is unlikely that strontium is enriched strictly from yolk 

concentrations (Hanlon et al., 1989).  Although it is not possible to confirm, this 

suggests that the enriched strontium found in the cores may indicate that the eggs are 

incubated in waters colder than the surface waters that juveniles inhabit.  This is not 

supported by the only D . gigas egg mass being found in warm water at only 16m depth 

(Staaf et al., 2008).  However, if eggs need to be incubated at 18oC as suggested by other 

Ommastrephid hatching studies, the depth of incubation for the area the D . gigas egg 

mass was found would have been at least 40m (Staaf et al., 2008, Yatsu et al., 1999). 

The ranges found in the current study are smaller than those found by studies 

using particle induced x-ray emissions (PIXE), which noted D . gigas as having a 

strontium range of 8500-9500 ppm.  Values reported here for strontium concentration 

agree with the PIXE study in that specimens caught off South America (Peru or 

Ecuador) have a lower strontium concentrations than those found farther north (Costa 
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Rica or the United States) (Ikeda et al., 2002b). However, the more recent study using D . 

gigas and LA-ICP-MS found the opposite for the southern hemisphere with Sr:Ca 

increasing with decreasing latitude (Liu et al., 2011).  As explained earlier, while a direct 

relationship between statolith strontium levels and ambient water temperature cannot be 

determined, the variations across the statolith and among populations are significant.  

Therefore statolith strontium variations are still valuable for population studies, 

especially distinguishing among specimen from different geographic regions.  

4.4.6 Yttrium 

Unlike previous studies on Atlantic squid species and cuttlefish, yttrium 

exhibited no clear pattern across the statoliths of Humboldt squid (Zumholz et al., 2006, 

Zumholz et al., 2007c).  In the previous studies, cores were Yttrium enriched, which 

might have been a maternal effect or not apparent in pacific squid species. One previous 

study demonstrated that cuttlefish feeding on a fish only diet would have greater values 

of Y:Ca (Zumholz et al., 2006).  The opportunistic feeding capabilities of the Humboldt 

squid might explain why little variation is seen in Yttrium for this species.  Multiple 

comparisons and ANOVAs were all not significant for all ablations for all geographic 

regions.     

4.4.7 Zirconium 

Zirconium also demonstrated very little variation across the statolith, but the 

ANOVA for the California group was significant at α = 0.10 level.  The multiple 

comparisons revealed that this is due to the core being significantly different than the 2nd 

ablation (p <0.05).  However, the other groups had no significant variations.  This is not 
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consistent with previous studies on Atlantic squid species, which may indicate a species 

specific systematic control for this element (Zumholz et al., 2007c).  Zirconium has a 

nutrient-scavenged distribution which might explain why the pattern in a pelagic species 

does not show the same pattern or concentration ranges as previous studies involving 

more coastal influenced species (Zumholz et al., 2007c). 

4.4.8 Barium 

Barium demonstrated the highest variation in pattern among the three geographic 

locations, with the Galapagos being significantly lower and less variable than the other 

two groups.  California and Seattle cores were very similar, but subsequent points 

exhibit an out of sync, highly variable structure.  For the Galapagos group, multiple 

comparisons show a U-shaped pattern with significant differences between the core and 

the 2nd, 3rd and 4th ablations; the 2nd ablation and the 5th and 6th ablations; the 3rd ablation 

and the 4th and 5th ablations; and the 4th ablation and 5th ablation. For the California 

group multiple comparisons were significant between the 4th ablation and all others 

except the 5th ablation.  For the Seattle group, multiple comparisons revealed significant 

differences between the core and the 5th ablation; the 2nd ablation and the 3rd, 5th, 6th and 

7th ablations; and the 4th ablation and 5th ablation.  Zumholz, et al. (2007c) found a u-

shaped pattern for barium values in an Atlantic species of squid, but Liu, et al. (2011) 

found only a significant increase in barium after juvenile stages in Humboldt squid in the 

southern hemisphere.  Barium is well known as a signature of riverine inputs in 

carbonates due to a nutrient like distribution and this is consistent with the differences in 

pattern found in this study (Chan et al., 1977).  If the Galapagos group is considered 
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permanently offshore, there would be considerably less barium than would groups near 

shore, such as the California, Seattle and groups studied in Liu, et al. (2011).  

Additionally, a 2007 laboratory rearing study supported field evidence that there can be 

a negative correlation between temperature and barium to calcium ratios in some 

cephalopod statoliths (Arkhipkin et al., 2004, Zumholz et al., 2007b).  This may affect 

the ability for the colder upwelled barium enriched water to influence the composition of 

the Galapagos statoliths.  

4.4.9 Lead 

Lead exhibited a complex pattern across the statoliths, with an initial slight 

decrease between the core and the 2nd ablation in the California and Seattle groups and 

an overall increase in subsequent ablations.  For the California group, significant 

differences occurred between the core and the 6th and 7th ablations; the 2nd and the 4th, 

5th, 6th, and 7th ablations; and the 3rd ablation and the 6th and 7th ablations.  For the Seattle 

group, significant differences only occurred between the 2nd ablation and the 7th ablation.  

The Galapagos group did not have any significant differences between ablation 

locations.  As was suggested by Zacherl et al. (2003) , Pb:Ca ratios in gastropod 

statoliths may be influenced by industrial presence.  This might explain why there is a 

lack of significant increase across the statolith for the Galapagos group, or why there 

was such a large variance for some ablation locations.  Few previous studies attempted 

to measure lead in squid statoliths, and most found that the values were too often below 

the detection limits to analyze the patterns (Zumholz et al., 2007c, Warner et al., 2009).  

Low lead values in the core can be explained by embryos feeding off the yolk and 
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regulation protection of the chorion, or egg case.  Significant increases in Pb:Ca over the 

life of squid inhabiting water near industrialized nations may be indication of 

bioaccumulation in prey as individual squid grow and consume larger prey items as 

found in fish studies (Seymore et al., 1995, Sanchez-Jerez et al., 2005).  This is the first 

report of Pb:Ca patterns for D . gigas. 

4.4.10 Uranium 

Uranium presented a complex pattern with high variability within groups.  

Although the ANOVA was significant for each group, multiple comparisons revealed 

only one significant difference for the California group between the core and 3rd 

ablation.  The core was significantly different from all subsequent ablations in the 

Galapagos group and while the Seattle group showed significant difference between the 

core and all ablations other than the 4th.  These patterns indicate uranium enriched cores.  

Previous studies found a U-shaped pattern in uranium for an Atlantic squid species and 

suggested it related to both temperature and salinity (Zumholz et al., 2007c).  If this is 

the case and considering barium indicated highly variable freshwater influences to the 

two coast groups, it could explain why the values for uranium are more variable and do 

not demonstrate a clear pattern in those cases.  This is the first report of U:Ca patterns 

for D . gigas. 

4.5 Analysis of Variance - Part 2 

Analysis of Variance was also performed on only the core and the last ablation 

location available for each group.  If no significant differences in elements were found 

between these ablations it would be considered evidence that squid tended to return to 
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natal waters.  Although there were fewer significant ANOVA results than were found for 

the overall pattern demonstrated, there were still many elements showing significant 

differences between the core and the final ablation location (Table 8).  Seattle had six 

elements which significantly differed (Mg, Mn, Sr, Ba, Pb, and U), California had five 

elements with significant differences (Mg, Mn, Sr, Zr, and Pb), and the Galapagos also 

had five elements displaying significant differences (Mg, Mn, Cu, Sr, and U).  This 

provides evidence that the environmental conditions which adult populations experience 

are not the same as they experience as embryos.  Unfortunately, maternal effects and 

dietary influences may be inflating these differences.   

To remove the maternal or dietary yolk influences, the analysis was repeated 

using only the 2nd and the last ablation locations.  The second ablation values would 

represent hatchling or pre-juvenile stages, when the paralarvae are independently 

feeding.  This comparison might elucidate whether behaviors or environmental 

conditions are similar for very young and adult squid.  If significant differences are 

found, it could be evidence that adults are not returning to hatching grounds.  As seen in 

Table 9, Seattle still had six elements with significant differences (Mg, Mn, Zr, Ba, Pb, 

and U), California had only four elements showing significant differences (Mn, Cu, Sr, 

and Pb), and the Galapagos showed only two elements with significant differences (Mg 

and Ba).  Again, depth of water and ambient temperature as well as dietary changes may 

be inflating these differences; however, results do indicate that adults are not returning to 

hatching environments. 
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4.6 Two-Way Analysis of Variance  

 Two-way ANOVA was performed to ensure that significant differences found 

among ablation locations were not influenced by interactions effects among variations 

among specimens.  There were no interaction effects (p>0.7).  Two-way ANOVA 

confirmed the findings that significant variations in elemental concentrations occur 

among ablation locations (p <0.0001, all regions).  Additionally, significant variations 

among specimens indicated that the specimen groups collected from Seattle and the 

Galapagos contained a mix of cohorts (p<0.05).  This might explain the large variances 

found in some elements and strengthens the use of LA-ICP-MS statolith microchemistry 

methods for successfully distinguishing elemental patterns even with mixed cohort 

sampling. 

4.7 Multivariate Analysis of Variance 

Multivariate methods were employed to investigate differences in overall 

elemental signatures among geographic regions.  The elemental signatures of the three 

geographic regions were compared using Multivariate Analysis of Variance 

(MANOVA) at three individual ablation locations using nine of the ten measured 

element to calcium ratios.  The core, second and fifth ablation locations were selected to 

maximize possible ontogenic explanation of similarities or differences.  Significant 

differences and similarities can help to deduce whether or not populations are 

experiencing similarities in ontogenic behavior or environments.  

All three ablation regions resulted in significant differences (p<0.05) in elemental 

signatures when using MANOVA to compare the three populations.  To investigate 
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more closely, the MANOVA was repeated for each pair of populations.  The elemental 

signature measured for the Galapagos specimen was significantly different (p<0.05) 

from the Seattle group for all three ablation locations.  The Galapagos group was also 

significantly different (p<0.05) from the California group at the second and the fifth 

ablation locations, but only marginally significantly different at the core (p=0.0502).  

This is weak evidence that these two populations may be mixing.  This may be an 

indication that the two groups exhibit similar behaviors when laying eggs, that eggs are 

incubated in similar water masses, or perhaps even some indication of individuals 

crossing the equator prior to spawning or after hatching.  California and Seattle were 

significantly different for this test at the core ablation (p<0.05).  This is especially 

interesting as some previous investigators of D . gigas reproduction suggest that 

individuals of this species must migrate to the tropics for spawning.  Although records of 

quick sustained horizontal movement of individual Humboldt squid indicate the 

capability of long distance migrations, the assertion that this capability is equivalent to 

evidence of full coastal migrations and natal homing is not supported by the disparity of 

the elemental composition in the statolith cores of these two groups reported here 

(Stewart et al.).  However, the lack of a significant difference in the elemental signature 

found for the second ablation between California and Seattle specimen indicates that, 

once hatched, individual environments and behaviors are indistinguishable despite a 

large geographic difference when caught as adults.  California and Seattle groups were 

also marginally significantly different at the 5th ablation location (p=0.0572), indicating 

that as individuals in these separate populations mature, the differences in environments 



 

88 

 

or behaviors are more apparent.  To investigate this prospect, MANOVA was performed 

between the California and Seattle elemental signatures on the 6th and the 7th ablation 

locations separately.  The elemental signature measured at the 6th ablation location is 

significantly different between California and Seattle (p=0.0008), and the same is true 

for the 7th ablation location (p=0.011, Pillai’s Trace method).  These findings also act as 

evidence against the theory that these two groups are breeding and spawning in the same 

location, such as the Gulf of California. 

4.8 Correspondence Analysis 

The first CA plot demonstrates that magnesium, manganese, and uranium are 

farthest negative from the mean of the first dimension while lead and barium are the 

most positive.  It is also clear that barium is the most negative element in the second 

dimension while copper and zinc are the most positive elements in the second 

dimension.  In Figure 16 it is difficult to discern the individual squid/ablation values, but 

Figure 17 makes the geographic trends more apparent.  California squid are spread 

across the mean of the first dimension with some being negative and some positive.  

However, they are more concentrated in the negative direction for the second dimension.  

Galapagos are also spread across the first dimension, while predominately positive in the 

second dimension.  Seattle squid/ablation values do not demonstrate a cluster for either 

dimension.  The lack of clear separation may be due to the samples consisting of a mix 

of cohorts as mentioned earlier. 

When the results of the geographic mean CA are plotted in Figure 18, 

magnesium, manganese, and uranium are again farthest negative from the mean of the 
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first dimension while lead and barium are the most positive.  Other elements also retain 

their positions in the relative dimensions.  In Figure 19 it is clearer that the scores 

representing the geographic means for California are positive in the first dimension other 

than the core. California values are also predominantly negative in the second 

dimension.  Meanwhile, the Galapagos means are also positive in the first dimension 

except the core and also all are positive in the second dimension.  Seattle means fall 

positive on the first dimension except for the core, but the second ablation is positive 

while all others are negative in the second dimension. 

These patterns are indicating that the cores of all three regions are distinctly 

different from the remaining ablations within their own population.  This is most likely 

due to the enriched values found for magnesium, manganese, copper and uranium.  

Meanwhile, copper, zinc, barium and lead seem to most highly influence the second 

dimension which most distinctly separates the Galapagos and California means.  While 

Seattle means do spread across the median, they are still predominately separated from 

the Galapagos means as well.  The California and Seattle populations do not separate 

well in this analysis. 

Overall CA indicates that the elements most affecting the geographic differences 

in elemental signature include magnesium, manganese, uranium, barium, lead, copper 

and zinc.  Strontium and yttrium do not seem to influence differences as highly as the 

other elements, though they are not directly at the origin and thus, still considered useful. 
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4.9 Principle Component Analysis 

 By filtering the data for only the most valuable element/ablation measurements 

and standardizing the data set, PCA provides a more clear view of the variations in 

elemental signatures measured among the geographic regions.  Although the scree 

diagram (Figure 22) suggests that the variance explained by the first principle 

component dominates subsequent components, the percent of the total variance 

explained for the first three dimensions being only 65.52% (Table 14) suggests that 

exploring more dimensions would be beneficial.  By plotting the scores on the first two 

principle components (Figure 24), a strong difference in scores is clear between the 

California and Seattle groups.  By adding 95% confidence ellipses, differences are 

confirmed despite some overlap with the Galapagos ellipse.   The Galapagos and 

California group are less differentiated when using the first and third principle 

components (Figure 25), but it is clear that they are distinct in a plot of the second and 

third principle components (Figure 26).  By examining a three dimensional rendering of 

the PCA scores (Figure 23), it is clear that the Galapagos individuals are most negative 

on the first principle component axis, while Seattle is most distinctly negative in the 

second principle component axis.  The California group does not fall directly between 

the other groups but more closely to the origin, while positive in both the first and third 

principle component axis.  These differences suggest that the three populations are 

distinct and separate groups. 
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4.10 Discriminant Function Analysis 

 A discriminate classification method was performed to quantify the differences 

comprehensively described by the above multivariate ordination analyses.  The results 

showed that 100% of the variance is explained in two dimensions and nearly all 

individuals are correctly classified within the boundaries set for each group with overlap 

occurring only between the California and Seattle groups (Figure 27).  Additionally, a 

jackknifed randomization test was performed to determine the confidence of the 

reclassification success.  With 75.86% reclassification success, the classification 

performed significantly better than possible by chance (p=0.0001).  This solidifies the 

successful use of laser ablation elemental analysis of Dosidicus gigas statoliths for 

discriminating among populations.       
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5. CONCLUSIONS  

 

The chemical analyses used in this study provide substantial evidence that 

microchemical studies are applicable to population dynamics studies of Humboldt squid.  

Multiple statistical methods revealed patterns, variations and differences in the chemical 

composition of the statolith both within and among the three geographic regions 

sampled.  The continued and expanded use of this type of study will enable strategic 

monitoring of the populations of this species.  It may be possible to enhance the 

functionality of existing fisheries models by incorporating statolith elemental 

concentrations.  This may aid in creating sustainable fishing practices involving 

cephalopods.  Future work would benefit from developing a multiyear sampling plan 

spanning the maximum habitat range and include analyzing statoliths from paralarval 

specimen as well as adults.   

It is clear from the results of multiple studies that taxonomic differences prevent 

the direct application of findings from even one species to another within the same 

taxonomic family or genus.  Even if this were not a concern, most elements have been 

statistically linked to variations with more than one influence in laboratory rearing 

studies involving cephalopods.  The most frequently measured elements (Sr, Ba, Mg, 

Mn) have all shown significant variations with both environmental conditions 

(temperature or salinity) and dietary effects.  While, dietary effects are easily controlled 

in laboratory conditions, it is highly unlikely that a fast growing and opportunistic 

predator, such as the Humboldt squid, would have a traceable dietary behavior in the 
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wild.  Therefore, even if laboratory rearing exercises were possible for this species and 

correlations were determined for elemental statolith composition and diet or temperature, 

there is little chance they would be applicable for environmental or dietary 

reconstructions.   

Fortunately, this study still demonstrated a strong potential for distinguishing 

among populations using statolith elemental chemistry.  Additionally, some of the 

essential groundwork was initiated to begin understanding the fundamental life history 

of this species.  This is the first report of the ranges of Me:Ca values and concentrations 

of lead, yttrium, zirconium and uranium for Humboldt squid statoliths.  This is also the 

first study to report patterns in D . gigas statoliths for manganese, copper, zinc, lead, 

yttrium, zirconium, and uranium.       

The significant differences in measured elemental signatures found among the 

three sample groups may clarify some of the reproductive questions involving this 

teuthiod species. There is potential for the data reported here to aid in a better 

understanding of the life history and spawning behaviors of this squid.  If assumptions 

are correct involving water temperature and strontium concentrations, this data indicates 

that Humboldt egg masses are incubated deeper in the water column and rise to the 

pycnocline as they near hatching as suggested in previous work (Staaf et al., 2008).  The 

fact that sample groups consisting of mixed cohorts still produced significant population 

discrimination results indicates that these methods may be very robust in future stock 

establishment studies. 
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The null hypothesis that the elemental signatures found for the three geographic 

regions would not differ was also soundly rejected.  This finding aids in stock 

establishment and better understanding of Humboldt squid population dynamics.  

Overall the results presented reject the null hypothesis that using LA-ICP-MS 

measurements of statolith microchemistry is not useful in studying population dynamics 

of the Humboldt squid, Dosidicus gigas 
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