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DISSERTATION ABSTRACT 

 In an era of increasing governmental protection of marine resources and 

accelerating climate change, knowing how benthic populations of marine organisms are 

connected is of paramount importance. However, little is known about connectivity in the 

nearshore environment, particularly at ecologically and demographically relevant scales. 

Because the dispersive larval stage is the key to understanding population connectivity, 

my dissertation focused on developing a new technique for tracking larvae and 

determining how larval swimming behaviors can influence their cross-shelf distributions 

in the dynamic upwelling environment of northern California. This information is 

relevant not only to the applied fields of invasive species management, stock assessment, 

and marine protected area establishment, but also to the academic pursuit of 

understanding how life evolved in the sea. 

 In Chapters 1 and 2, I focused on investigating the role of swimming behavior in 

regulating larval transport in upwelling regimes. I observed in the laboratory the larvae of 

four crab species from open coast and estuarine habitats that develop either nearshore or 

offshore. Larval vertical positions in acrylic columns were recorded for up to three days, 

and I determined whether (1) depth preferences differed for the four species, (2) larvae 

undertook tidal and diel vertical migrations, (3) vertical migrations were timed 

endogenously or exogenously, and (4) maternal habitat influenced larval swimming 

behavior. Regardless of light or tidal phase, larvae of three species (Hemigrapsus 

oregonensis, Lophopanopeus bellus bellus, and Pachygrapsus crassipes) that develop 

offshore stayed high in the water column, where they would be transported seaward in 

the field. In contrast, larvae of one species (Petrolisthes cinctipes) that develop nearshore 
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stayed low in the water column, where they would remain in shoreward-flowing bottom 

waters. None of the species from the open coast exhibited tidal or diel vertical migrations, 

but one estuarine species (H. oregonensis) exhibited reverse tidal vertical migrations that 

would expedite their transport to the open ocean. Furthermore, larvae hatched from 

estuarine populations of P. crassipes exhibited tidal swimming behaviors, while larvae 

hatched from coastal populations showed no tidally based behavior. Thus, larvae of 

species that hatch in different locations and develop different distances from shore 

exhibited diverse larval swimming behaviors that regulate transport, and these behaviors 

are phenotypically plastic. 

 In Chapters 3 and 4, I determined the utility of using trace element signatures in 

larval soft tissues as natural tags to track larval dispersal and population connectivity. As 

larvae develop as embryos and then pass through water masses throughout their 

development, they incorporate natural trace element signatures into their bodies. Many 

previous studies have successfully used the signatures in calcified structures, such as 

mollusc shells or fish otoliths, so my research instead concentrated on determining the 

utility of trace element signatures in larval soft tissues. The ability to track larvae based 

on trace element signatures in soft tissues would dramatically increase the diversity of 

taxa that could be investigated using this established tool.  

 A successful trace element study requires a natal site atlas with high 

reclassification success, but selecting sites to create an atlas is time consuming and 

expensive, with no guarantee that trace element signatures will differ among sites and 

remain consistent over time. In Chapter 3, I determined whether natal site atlases could 

be used repeatedly and identified site characteristics that yielded the best results by 
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building atlases in five consecutive years using crab embryos from 15 sites that spanned 

190 km of the northern California coast. I analyzed the elemental composition of 

embryos using a discriminant function optimization procedure to determine the suite of 

elements that resulted in the best reclassification success for individual sites and groups 

of sites each year. No element or group of elements was useful in discriminating the 

origins of embryos every year, and the reclassification success of the atlas varied at all 

spatial scales among years. Average reclassification success at the site level ranged 

annually from 39.5% to 54.3% correct, and combining sites into three areas or two 

regions improved overall reclassification success to 72.5% to 97.7% correct. Sites with 

unique geology, consistent freshwater runoff, or high anthropogenic influences had the 

highest individual reclassification success (up to 86.7% correct), and variation in these 

factors helped account for the variability in reclassification success among sites. 

Targeting differences in these factors when selecting sites in future trace element studies 

will increase the resolution of population connectivity estimates and inform explorations 

on the usefulness of these types of studies in a given area. 

 Finally, Chapter 4 focused on whether or not trace element signatures were 

retained in larval soft tissues throughout their pelagic development, to determine whether 

trace element analysis could be applied to larvae of the vast majority of species that do 

not retain larval calcified structures. To determine whether natal signatures are retained in 

soft tissues throughout larval development, I collected embryos of the porcelain crab, 

Petrolisthes cinctipes, from two to four locations along the coast of northern California in 

two years and reared larvae in a common water source for 6-8 weeks until they 

metamorphosed to postlarvae. Twenty elements were analyzed in extractions of soft 
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tissues from embryos for the two larval and one postlarval stages. Elemental signatures of 

these planktonic stages were compared to those of embryos from the different collection 

sites using discriminant function analysis to determine if they could be accurately 

assigned to their site of origin. Overall reclassification success of postlarvae was poor 

(average 39.7% correct), though individual site success ranged from 86.2% correct to 0% 

correct. Reclassification success improved to 81.7% correct overall (ranging from 35.7% 

correct to 94.4% correct) when using each larval stage as a training set for the same larval 

stage. Thus, the same trace element signatures were not consistently maintained from 

embryos to postlarvae, but differences in signatures among natal sites were maintained. 

Trace element signatures in soft tissues could be useful in tracking dispersal from one 

stage to the next and determining how many sites, rather than which sites, contributed to 

a cohort of settlers. 

 These studies, taken as a whole, reveal new insights on larval behavior in 

upwelling regimes and highlight new approaches to determining population connectivity. 

Larvae from the open coast of northern California have evolved simple swimming 

behaviors in the face of complex oceanography, while estuarine species exhibit complex 

swimming rhythms based on the tidal stage; these differences persist even between 

populations of the same species. This finding reinforces the importance of understanding 

how populations are connected through their larval stage, and stokes the discussion about 

the importance of phenotype versus genotype in determining the success of larvae.  

 Finally, my work provides novel information about the utility of soft tissue trace 

element signatures and how to incorporate them into future studies. Marine ecologists 

constantly seek new and better tools to help determine larval dispersal patterns and 
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population connectivity, and trace element signatures are an important component of the 

ecologist’s tool box. By determining the best way to utilize trace element signatures in 

soft tissues, my work opens the door to employing this tool on a whole new suite of taxa 

and dramatically broadens its utility. Investigators will now be able to use trace element 

signatures in soft tissues to inform the placement of marine reserves based on source/sink 

dynamics and an understanding of the locations of larval nursery areas, as well as 

determine how populations of invasive species are spreading from their points of 

introduction. Beyond these applied uses, my findings broaden our knowledge of the 

complexities of larval life in the ocean and inform our understanding of the persistence of 

sedentary and sessile populations in the sea. 
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Chapter 1 

Interspecific differences in depth preference regulate  

larval transport in an upwelling regime 

ABSTRACT 

The population connectivity of most benthic marine invertebrates is determined by a 

minuscule pelagic larval stage, but larval behavior is poorly understood, particularly in 

upwelling regions where persistent winds and offshore surface currents could transport 

larvae far from shore. To investigate the role of swimming behavior in regulating larval 

transport in upwelling regimes, we observed the larvae of four crab species from diverse 

habitats and varying nursery locations in the laboratory. Larval vertical positions in 

acrylic columns were recorded for up to two days, and we determined whether (1) depth 

preferences differed for the four species, (2) larvae undertook tidal and diel vertical 

migrations and (3) vertical migrations were timed endogenously or exogenously. 

Regardless of light or tidal phase, larvae of three species (Hemigrapsus oregonensis, 

Lophopanopeus bellus bellus, and Pachygrapsus crassipes) that develop offshore stayed 

high in the water column, where they would be transported seaward in the field. In 

contrast, larvae of one species (Petrolisthes cinctipes) that develop nearshore stayed low 

in the water column, where they would remain in shoreward-flowing bottom waters. 

None of the species from the open coast exhibited tidal or diel vertical migrations, but 

one estuarine species (H. oregonensis) exhibited reverse tidal vertical migrations that 

would expedite their transport to the open ocean. Thus, larvae of species that hatch in 

different locations and develop different distances from shore exhibited diverse larval 

swimming behaviors that regulate transport in a dynamic upwelling regime. 
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INTRODUCTION 

 The alongshore and offshore transport of larvae is a critical yet poorly understood 

component of the life cycles of many marine invertebrates and fishes. Many marine 

organisms release large numbers of planktonic larvae that develop in coastal and open 

ocean environments far from their initial release sites. How far those larvae go, how 

quickly they get there, and how they return to the nearshore to find suitable settlement 

habitats are largely unanswered questions for most species. Recent studies, however, are 

challenging the traditional paradigm that larvae are at the mercy of physical processes, 

finding instead that the larvae of many marine invertebrates have complex behaviors that 

facilitate their movement (Kingsford et al. 2002, Swearer et al. 2002, Cowen et al. 2006). 

Though most early-stage invertebrate larvae cannot swim against currents, they 

can readily swim vertically between current layers, thereby exploiting vertically stratified 

water columns. Vertical swimming behaviors have been well documented, including 

ontogenetic, tidal, and diel vertical migrations (e.g. Cronin & Forward Jr. 1979, Zeng & 

Naylor 1996c, Queiroga et al. 1997, Lopez-Duarte & Tankersley 2007a, Olaguer-Feliu et 

al. 2010). Ontogenetic vertical migration occurs when larvae ascend into surface waters 

early in development and descend into bottom waters later, a process that enhances 

dispersal of early stage larvae before later returning them to suitable settlement habitat 

(Strathmann et al. 2002, Anger et al. 2008). Tidal vertical migrations, in which larvae 

swim up during flood tides and down during ebb tides, enable larvae to maintain their 

horizontal positions within an estuary or even move upstream (Chen et al. 1997, DiBacco 

et al. 2001, Kimmerer et al. 2002). Diel vertical migration occurs when larvae remain 

below the euphotic zone during the day, thereby avoiding visually feeding fishes, and 
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swim upwards at dusk to feed in productive surface waters, which indirectly affects larval 

transport (Ueda et al. 2010).  

The opposite patterns also have been documented for each of these three types of 

swimming behaviors and are called reverse vertical migrations. Reverse ontogenetic 

vertical migration in coastal waters slows dispersal of larvae early in development, and 

winds or internal waves may return larvae to shore late in development (Shanks 1995, 

Pineda 1999, Epifanio & Garvine 2001); reverse tidal vertical migration expedites 

seaward transport from estuaries to coastal waters (Zeng & Naylor 1996a, Morgan & 

Anastasia 2008); and reverse diel vertical migration occurs in the open ocean where 

predatory invertebrates outnumber fishes and forage near the surface during the daytime 

(Ohman 1990).  

Larval swimming behaviors such as these can be based on exogenous or 

endogenous cues. Diel vertical migrations typically are cued exogenously by daylight 

(but see Woodson et al. 2007), while tidal migrations usually are entrained endogenously 

by one or more factors that oscillate over the tidal cycle (Palmer & Williams 1993, Zeng 

& Naylor 1996b, Lopez-Duarte 2008). Tidal migrations develop in larvae during their 

embryonic development and they hatch with an innate pattern of behavior that is timed 

relative to the local tidal cycle. These swimming behaviors are clearly an important 

component of larval survival, as they have been shown to be plastic based on local tidal 

regime or habitat (Lopez-Duarte & Tankersley 2007b, Morgan & Anastasia 2008, Lopez-

Duarte et al. 2011) and can be exhibited by larvae that have never experienced natural 

tidal cycles in the field (Zeng & Naylor 1996b). Furthermore, these behaviors enable 

larvae of different species to migrate different distances from parental habitats (Epifanio 
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1988, Epifanio & Garvine 2001, Sponaugle et al. 2002, Queiroga & Blanton 2004, 

Lopez-Duarte et al. 2011). 

Most of our understanding of tidal vertical migrations comes from studies of 

species that inhabit estuaries of the Atlantic Ocean. We have only recently begun to 

determine the extent to which similar behaviors effectively regulate larval transport along 

the more energetic open coast habitats along the western margins of continents, where 

wind-driven upwelling dominates. In upwelling regimes, powerful, persistent alongshore 

winds combine with the Coriolis effect to generate rapid offshore transport of surface 

waters (Ekman transport), which in turn draws nutrient-rich bottom waters to the surface 

nearshore (Largier et al. 1993, Garcia-Reyes & Largier 2010). The offshore surface 

currents could potentially transport larvae far from their natal hatch sites, which would be 

deadly for nearshore species (Parrish et al. 1981, Roughgarden et al. 1988, Largier & 

Boyd 2001, Largier 2004). Some studies, however, have demonstrated that vertical 

migrations could enable larvae to complete development nearshore or migrate to the outer 

shelf, depending on the species (Lough 1974, Peterson et al. 1979, Morgan et al. 2009a, 

Morgan et al. 2009b). 

In this study, we investigated depth regulation of larvae released by four species 

of crabs that live in the upwelling regime along the Pacific coast of the USA. Species 

were chosen to represent diverse life histories with the goal of establishing the role of 

larval behavior in regulating larval transport from estuaries or the open coast to larval 

nursery areas that are located either nearshore or offshore (Lough 1974, Morgan et al. 

2009a, Morgan et al. 2009b). We determined whether (1) depth preferences differed for 

the four species, (2) larvae undertook tidal or diel vertical migrations and (3) vertical 
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migrations were timed endogenously or exogenously. The flat porcelain crab, 

Petrolisthes cinctipes, lives on the open coast, develops nearshore and has two larval 

stages. The lined shore crab, Pachygrapsus crassipes, lives on the open coast and in 

lower estuaries, and larvae develop offshore while molting through five stages. The 

yellow shore crab, Hemigrapsus oregonensis, lives in estuaries, also develops offshore, 

and has five larval stages. We also opportunistically collected one Lophopanopeus bellus 

bellus, which lives on the open coast, develops offshore and has four larval stages. 

Throughout the chapter we will refer to species only by their genus name for simplicity. 

METHODS 

We collected approximately 15 ovigerous females each of Pachygrapsus and 

Petrolisthes at Bodega Harbor, CA and Hemigrapsus at Stege Marsh, San Francisco Bay, 

CA during the peak reproductive season in June. One ovigerous Lophopanopeus was 

collected from the nearby open coast at Jenner, CA. Pachygrapsus, Petrolisthes, and 

Lophopanopeus females were kept in individual cages in the field to maintain natural 

tidal rhythms until hatching, while H. oregonensis females were kept in simulated tidal 

conditions in the laboratory. Crabs were checked daily for larval release.  

Upon hatching, larvae of each species were transferred to separate acrylic 

columns (180 cm tall by 7.5 cm diameter) that were filled with seawater to observe depth 

regulation. To determine if vertical migrations were timed endogenously, five trials with 

Petrolisthes, two trials with Pachygrapsus and one trial with Lophopanopeus were 

conducted entirely in the dark. To determine whether vertical migrations were cued 

exogenously by light, six trials with Petrolisthes, seven trials with Pachygrapsus and four 

trials with Hemigrapsus were conducted in a simulated ambient photoperiod (14L:10D). 
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Trials in the photoperiod were conducted for 48 h, and those in the dark were conducted 

for 27 h. Due to differences in larval size of the three species, 25 Petrolisthes, 250 

Pachygrapsus, 250 Hemigrapsus or 250 Lophopanopeus were used in each trial. Each 

column was demarcated into nine evenly spaced 10-cm sections, and larvae in each 

section were counted every 3 h for the duration of the trial. Counts in the dark were taken 

using a flashlight, with black plastic sheaths covering neighboring columns to minimize 

the effect of light on behavior. Columns were kept in temperature-controlled rooms at 

typical ambient seawater temperature, 11 C. Larvae were given 1 h to acclimate to the 

columns before the experiment began and were not fed. At the end of trials, larvae were 

decanted into a water-filled aquarium (5 L) to ensure they were capable of swimming 

throughout the water column. 

To determine a weighted mean larval depth (the larval center of mass) in each 

column, we binned larvae by depth. Each column section was assigned a depth, which 

ranged from 20 cm to 180 cm for the top and bottom sections, respectively. The overall 

mean larval depth in the column (the larval center of mass) was calculated by multiplying 

larval counts from each section by the section depth, summing them, and dividing by the 

total number of larvae counted. Thus, a column in which larvae only occurred at the 

bottom of the column would have a weighted mean depth of 180 cm, while a column in 

which larvae only occurred at the top of the column would have a weighted mean depth 

of 20 cm. 

Because the number of species differed between trials conducted in constant 

darkness and those conducted in a photoperiod, we used repeated measures analysis of 

variance (RM-ANOVA) followed by contrast tests to determine whether the mean larval 
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centers of mass differed among the three species (Petrolisthes, Pachygrapsus, 

Hemigrapsus) in a photoperiod and a t-test to determine whether the mean centers of 

mass differed between the two species (Petrolisthes, Pachygrapsus) in darkness. We 

report a Welch’s p-value when datasets had unequal variances. Data for Lophopanopeus 

were not analyzed statistically, because only one trial was conducted. 

We used t-tests to determine whether larvae of each species undertook 

endogenous tidal vertical migrations by comparing larval centers of mass to the tidal 

stage (flood or ebb) larvae would have been experiencing at their natal site at that time. If 

larval centers of mass differed between tidal stages, we concluded they were exhibiting a 

type of tidal vertical migration. Likewise, we compared larval centers of mass between 

trials conducted in darkness and those conducted in a photoperiod to determine if 

swimming behavior was endogenous or cued exogenously. If larval centers of mass 

differed between the two treatments, we concluded larval swimming was exogenously 

cued by light. Finally, we checked for diel vertical migrations in larvae by comparing 

larval centers of mass between light and dark periods during our photoperiod trials. If 

larvae swam up during periods of darkness and down during periods of light, we 

concluded they were undertaking diel vertical migrations. All statistical analyses were 

conducted using the JMP 9 statistical software package (SAS Institute, Cary, NC). 

RESULTS 

Across light treatments and regardless of tidal stage, larvae of Hemigrapsus 

occurred slightly higher in the water column than larvae of Pachygrapsus, which in turn 

occurred higher in the water column than Petrolisthes. Mean larval depths across all 

natural photoperiod trials were significantly deeper for Petrolisthes (159 ± 2 cm) than for 
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Hemigrapsus (46 ± 2 cm) and Pachygrapsus (60 ± 1 cm; RM-ANOVA, F = 154.64, df = 

2, p < 0.0001; Figure 1.1); the latter two were nearly significantly different in depth (p = 

0.0666). Mean larval depths in constant darkness were 59 ± 5 cm for Pachygrapsus, 119 

± 5 cm for Petrolisthes, and 29 cm for Lophopanopeus (Figure 1.2). Pachygrapsus larvae 

occurred significantly higher in the water column than did Petrolisthes larvae (Welch’s p 

< 0.0001). Lophopanopeus larvae remained in the very highest portion of the water 

column for the duration of the trial. 

The mean larval depth differed between trials conducted in a simulated 

photoperiod and those conducted in constant darkness for one of the two species that 

were observed in both conditions (Figure 1.3A). Petrolisthes larvae in total darkness 

occurred higher in the water column than they did in the photoperiod (Welch’s p < 

0.0001). Although Pachygrapsus larvae also tended to occur higher in the water in 

constant darkness, the mean depth did not differ between the two light treatments 

(Welch’s p = 0.4255).  

None of the species appeared to undertake diel vertical migrations (Figure 1.3B) 

either in a simulated photoperiod (Petrolisthes p = 0.4364, Pachygrapsus Welch’s p = 

0.3125, Hemigrapsus p = 0.4461) or in constant darkness (Petrolisthes p = 0.3790, 

Pachygrapsus p = 0.7981). Neither of the two species from trials in constant darkness 

appeared to undertake tidal vertical migrations (Figure 1.3C, Petrolisthes p = 0.3606, 

Pachygrapsus p = 0.9072). Only Hemigrapsus appeared to undertake tidal vertical 

migrations in the simulated photoperiod, occurring higher in the column during ebb tides 

than flood tides (Figure 1.3D, Hemigrapsus p = 0.0028, Petrolisthes p = 0.4136, 
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Pachygrapsus p = 0.3309). Agitation of larvae at the end of each trial showed that larvae 

of all species were capable of swimming throughout the water column. 

DISCUSSION 

Our findings that larvae developing nearshore stay low in the water column while 

larvae developing offshore stay high in the water column were consistent with the 

vertical and cross-shelf distributions of larvae found in the field (Morgan et al. 2009b, 

Morgan & Fisher 2010), further indicating that larvae regulate their cross-shelf 

distributions by adjusting their depth in the water column. Hemigrapsus and 

Pachygrapsus larvae expedite offshore transport by swimming into seaward-flowing 

surface waters (the Ekman layer) during the peak upwelling season. In contrast, larvae of 

Petrolisthes maintain their position nearshore by remaining at depth, where flow is 

weaker and often directed onshore (Lentz & Chapman 1989, Largier et al. 1993, Shanks 

2009). Petrolisthes cinctipes larvae may avoid strong currents by remaining near the 

bottom, as do larvae of the Atlantic congener, Petrolisthes armatus, which occurred near 

the bottom in areas where currents were fast and throughout the water column in areas 

where currents were slow (Tilburg et al. 2010). The maintenance of these relative 

positions in different light regimes indicates that these swimming patterns are 

endogenous depth preferences that are cued by hydrostatic pressure, as has been 

determined previously for larvae of other species of crabs (Sulkin 1984, Forward Jr. & 

Buswell 1989). 

By occurring in the Ekman layer, Hemigrapsus, Pachygrapsus and 

Lophopanopeus larvae are transported to offshore nursery grounds away from their natal 

hatch sites (Morgan et al. 2009a, Morgan et al. 2009b, Morgan & Fisher 2010). At 
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approximately 135 days, Pachygrapsus has one of the longest pelagic larval durations 

(PLDs) of any northeast Pacific crab species (Shanks & Eckert 2005). Many species with 

long PLDs develop in offshore waters, where there are often fewer planktivorous fishes 

(Morgan 1990), warmer temperatures during the upwelling season, and less competition 

from benthic suspension feeders for planktonic food resources. In contrast, at 

approximately 45 days, Petrolisthes has a much shorter PLD (Shanks & Eckert 2005) and 

remains near the bottom of the water column in upwelled water within a few kilometers 

of shore (Morgan et al. 2009b). Like many larvae that remain in nearshore or estuarine 

environments, Petrolisthes larvae are comparatively large and have long spines that 

presumably deter predation, thus minimizing the risks of completing their development 

close to shore (Morgan 1987, 1989). 

We found no evidence of diel vertical migrations for any species in the 

laboratory; larvae appeared to maintain their overall position in the columns regardless of 

the light-dark cycle. Since the four study species potentially undertake diel vertical 

migrations in the field (Morgan & Fisher 2010), larvae of these species exhibiting DVM 

in the field may be responding to exogenous cues that were absent in the laboratory, such 

as food and turbulence. Winds typically weaken at night, enabling larvae and other 

nearshore zooplankters to forage in productive surface waters without being transported 

seaward (Batchelder et al. 2002). Velocity gradients combined with chemical exudates 

from phytoplankton may cue larvae that stay nearshore to ascend when winds subside 

(Woodson et al. 2007), providing cues for foraging that minimize the risk of offshore 

transport and are more reliable in upwelling regimes than the light-dark cycle. Thus the 

opportunity to forage in productive surface waters while minimizing seaward transport 



11 
 

 

may be a stronger selective agent in upwelling regimes for diel vertical migrations than 

reducing predation by visually feeding planktivorous fishes. 

We found no evidence of tidal vertical migrations by larvae of the three open 

coast species tested, but we did for the one estuarine species, Hemigrapsus. Hemigrapsus 

larvae appeared to undertake reverse tidal vertical migrations, occurring higher in the 

water column during ebb tides than flood tides. Stronger tides, coupled with cues that are 

much more pronounced over the tidal cycle in estuaries like salinity and temperature, 

may select more strongly for tidal vertical migrations in estuarine populations. Similar 

selection may not occur in populations from the open coast, since the benefits of 

exhibiting tidal swimming behaviors are uncertain. 

We have demonstrated that larvae hatched on the open coast regulate depth, 

enabling them to complete cross-shelf migrations of various distances between adult and 

larval habitats. Species that develop offshore swim towards the surface, speeding seaward 

transport during the peak upwelling season when Ekman transport is strongest, while 

species that develop nearshore descend into upwelled waters, transporting them 

shoreward in slower near-bottom currents. This is the first demonstration of how larvae 

regulate depth in upwelling regimes, shedding light on larval transport and population 

connectivity in these dynamic, turbulent conditions. 
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FIGURE LEGENDS 

Figure 1.1. Mean larval centers of mass (± 1 S.E.) for trials conducted in a 14L:10D 

photoperiod for Hemigrapsus oregonensis (triangles, n = 4), Pachygrapsus crassipes 

(squares, n = 7) and Petrolisthes cinctipes (circles, n = 6). The y-axis represents column 

depth from 0 cm (surface) to 180 cm (bottom), while the x-axis shows time from the start 

of each trial. Trials were started at different times on different days, so tide and light 

cannot be shown on this figure. Hemigrapsus larvae remained slightly higher in the water 

column than Pachygrapsus larvae (p = 0.0666), and both species remained higher in the 

water column than Petrolisthes larvae (p < 0.0001). 

 

Figure 1.2. Mean larval centers of mass (± 1 S.E.) for trials conducted in constant 

darkness with Lophopanopeus bellus bellus (diamonds, n = 1), Pachygrapsus crassipes 

(squares, n = 2) and Petrolisthes cinctipes (triangles, n = 5). The y-axis represents column 

depth from 0 cm (surface) to 180 cm (bottom), while the x-axis shows time from the start 

of each trial. Trials were started at different times on different days, so tide and light 

cannot be shown on this figure. Lophopanopeus larvae stayed high in the water column 

throughout the single trial conducted, and Pachygrapsus larvae remained higher than 

Petrolisthes larvae during replicate trials (Welch’s p < 0.0001). 

 

Figure 1.3. None of the species in our study exhibited diel vertical migrations in the lab, 

and only larvae from estuarine populations have tidal swimming rhythms. Pachygrapsus 

crassipes larvae showed no difference in depth preference between dark and photoperiod 

trials (A, p = 0.4255), though Petrolisthes cinctipes larvae occurred slightly higher in the 
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water column during dark trials (A, p <0.0001). None of the species exhibited diel 

vertical migrations during photoperiod trials (B, Pachygrapsus p = 0.3125, Petrolisthes p 

= 0.4364, Hemigrapsus oregonensis p = 0.4461) or during trials in darkness (not shown, 

Pachygrapsus p = 0.7981, Petrolisthes p = 0.3790). Larvae of Pachygrapsus and 

Petrolisthes showed no difference in swimming behavior between periods they would be 

experiencing flood and ebb tides in the field both during trials conducted in the dark (C, p 

= 0.9072 and p = 0.3606, respectively) and in trials with a 14L:10D photoperiod (D, p = 

0.3309, and p = 0.4136, respectively). However, Hemigrapsus larvae from estuarine 

populations did exhibit tidal swimming rhythms, occurring higher in the column during 

ebb tides than during flood tides (D, p = 0.0028).  
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Chapter 2 

Phenotypic plasticity in larval vertical migrations in estuarine and coastal populations 

ABSTRACT 

 The timing of larval vertical migrations determines the extent of transport away 

from adult populations and exposure to predatory fishes, but it is largely unknown 

whether larval swimming behavior is a fixed trait or changes adaptively in response to 

different ocean conditions that are encountered across species’ ranges. We determined 

whether larvae of the shore crab, Pachygrapsus crassipes, that are released in San 

Francisco Bay and those that are released nearby on the outer coast undertake tidal and 

diel vertical migrations. Vertical swimming of larvae that were released by females 

collected from the two locations were recorded in the laboratory for three days in 

constant darkness without a tidal cycle to detect the presence of endogenous tidal and diel 

vertical migrations. P. crassipes larvae from the estuary undertook tidal and diel vertical 

migrations; they occurred deeper in the water column during weak flood tides and during 

daytime, which would expedite transport to the inner shelf where larvae develop. In 

contrast, larvae hatched from open coast populations did not exhibit rhythmic swimming 

behaviors, remaining near the surface regardless of the phase of the tidal or diel cycles. 

Low salinity waters may initiate reverse tidal vertical migrations from estuaries, which 

are osmotically stressful and support high densities of planktivorous fishes. 
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INTRODUCTION 

 Newly hatched larvae of benthic marine invertebrates are released into a 

dangerous environment with suspension feeders, planktivorous fishes, and low salinities 

for estuarine species creating hazardous conditions for larvae. Many larvae avoid the 

dangers of benthic and estuarine environments by developing in deeper nearshore or 

offshore waters of higher salinities away from the benthos, only returning to shore to 

settle as postlarvae. Where these larvae go, how quickly they get there, and how they 

return to the nearshore to find suitable settlement habitats are all poorly understood. 

However, larvae of many marine invertebrates exhibit complex behaviors that help direct 

their movement (Kingsford et al. 2002, Cowen et al. 2006, Queiroga et al. 2007, Morgan 

& Anastasia 2008). 

 Instead of swimming against a current, many larvae exploit vertically stratified 

water columns by swimming upward and downward between layers, thereby regulating 

their dispersal distance in response to external cues such as tidal regime and photoperiod. 

This type of swimming behavior is known as selective tidal stream transport (STST), and 

has been particularly well documented for crustaceans in Atlantic tidal estuaries, where 

newly hatched larvae use the behavior to aid their departure from an estuary and 

postlarvae returning from the ocean use it to move up an estuary to adult habitat (e.g. 

Cronin & Forward 1979, Queiroga et al. 1997, Forward et al. 2003, Lopez-Duarte & 

Tankersley 2007a, Olaguer-Feliu et al. 2010). One type of STST is reverse tidal vertical 

migration (RTVM), where larvae swim toward the fast-moving surface waters during ebb 

tides and toward the slow-moving bottom waters during flood tide. By alternately 

entering different layers of the water column moving at different speeds, larvae of many 
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species can expedite their export from the estuary to the open ocean using RTVM (see 

Gibson 2003 for review). 

While estuarine larvae frequently exhibit complex swimming behaviors that aid 

their departure from the estuary, species from the open coast may have simpler behaviors 

or no behaviors, as has been documented in studies of different species from different 

habitats (Lopez-Duarte & Tankersley 2007b, Lopez-Duarte 2008, Lopez-Duarte et al. 

2011, Chapter 1). None of these studies, however, have investigated larval swimming 

behaviors in different populations of the same species. Numerous northeast Pacific 

crustacean species live in both open coast and estuarine habitats (e.g. Cancer 

antennarius, Hemigrapsus nudus, Pachygrapsus crassipes), and larvae from populations 

in different habitats might exhibit different swimming behaviors. Larvae from coastal 

populations are spawned much closer to offshore nurseries and have to contend with a 

different set of factors influencing their immediate transport (e.g. weaker tides, stronger 

winds) than larvae from estuarine populations. Comparing the swimming behaviors of 

newly hatched larvae from different environments will provide new insights into the 

mechanisms regulating larval transport and add to the growing body of knowledge about 

where larvae go and how they get there. 

  We determined the timing of vertical swimming by larvae of the lined shore crab 

Pachygrapsus crassipes (which develop in offshore nursery locations) from estuarine and 

outer coast populations. Larvae from each population were filmed in the laboratory in 

darkness to elucidate swimming behaviors and check for differences between larvae 

spawned from adults in different habitats. Observing larvae in the lab eliminated external 

cues such as tidal currents and daylight, allowing us to determine the relative importance 
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of tidal and diel swimming behaviors. We hypothesized that larvae hatched in San 

Francisco Bay in areas of low salinity with high densities of planktivorous fishes would 

exhibit reverse tidal vertical migrations and diel vertical migrations like other crustacean 

larvae hatched in estuaries, whereas larvae hatched on the open coast would not exhibit 

rhythmic swimming behaviors based on tides or daylight, because they do not travel as 

far to reach nursery areas. 

METHODS 

We collected approximately 10 ovigerous Pachygrapsus crassipes from the outer 

coast at Bodega Harbor and San Francisco Bay at Stege Marsh, California (Figure 2.1). 

Crabs were collected by hand during spring low tides in this mixed semidiurnal tidal 

regime during August (Figure 2.2), and embryos were staged to be within two days of 

hatching. Crabs from the two sites were maintained in separate tanks at Bodega Marine 

Laboratory, California for up to 48 hours before releasing larvae. Upon hatching, 

approximately 50 larvae from a single mother were transferred to acrylic columns (180 

cm tall by 7.5 cm diameter) that were filled with seawater from the outer coast (salinity 

approximately 33 psu). Columns were kept entirely in darkness to determine whether 

vertical migrations were timed endogenously. 

Larvae were recorded for 39-96 h using an infrared light and infrared video 

camera (Swann Security C510R) in a 10-cm segment of the tube that was located 

approximately 10 cm below the surface of the water column. Larvae were counted in one 

randomly selected video frame every 15 minutes. Five trials were conducted with larvae 

that were released by crabs from San Francisco Bay, and two trials were conducted from 

crabs collected from Bodega Harbor. Larval counts were related to the phasing of tidal 
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and diel cycles that larvae would have encountered in the field at that time. Natural 

populations experience mixed semidiurnal tidal regimes, which usually consist of two 

tides that differ in amplitude and shift relative to the phasing of the diel cycle. Because all 

trials would have to last for at three days to conduct time series analysis, data were 

classified for univariate analysis. Data were classified relative to the most and least 

change in tidal amplitude over ebb and flood tides: strong ebb, weak ebb, strong flood 

and weak flood. Data also were classified relative to the natural photoperiod (14L:10D). 

 We analyzed the change in larval counts over the diel cycle using t-tests and over 

the tidal cycle using a mixed-model analysis of variance (ANOVA) that included trial as 

a factor to eliminate the problem of non-independence of samples within trials. Though 

our data lacked homogeneity of variances, initial single-factor Welch’s ANOVAs showed 

our results to be highly significant (Welch’s p > 0.0001) and thus robust to unequal 

variances. We also performed a contingency analysis to determine if the amount of time 

each tidal stage occurred in darkness differed throughout the study, to establish whether 

diel swimming behaviors might be a product of tidal stage. All analyses were conducted 

using the JMP 9 statistical software package (SAS Institute, Cary, NC). 

RESULTS 

 Estuarine larvae showed clear and persistent vertical swimming behaviors based 

on tide and light, while larvae from the open coast showed no evidence of vertical 

migration during the study. Over twice as many estuarine larvae occurred, on average, in 

surface waters during periods they would have been experiencing strong flood tides than 

during times they would have been experiencing weak flood tides (Figure 2.3; ANOVA, 

df = 3, F = 13.4442, p < 0.0001). Estuarine larvae also remained high in the water during 
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periods of ebb tides (Figure 2.3). Larvae from the open coast showed no difference in 

swimming behavior among tidal stages (Figure 2.3; ANOVA, df = 3, F = 69.8082, p = 

0.4198), and the mean number of larvae in the surface waters varied by less than one 

across tide stages, with the highest mean number of larvae (8.9) occurring during times 

larvae would have been experiencing weak flood tides. 

 Counts of estuarine larvae in the surface waters also increased during times larvae 

would be experiencing dark conditions in the field as compared to times they would be 

experiencing light conditions in the field (Figure 2.4; t-test p < 0.0001). Open coast 

larvae showed no pattern of diel swimming behavior, occurring in surface waters in 

roughly equal numbers during times larvae would be experiencing light and dark 

conditions in the field (Figure 2.4; t-test p = 0.2713). The contingency analysis revealed 

that light conditions were significantly different during our study based on tidal 

conditions for both estuarine and coastal locations (Figure 2.5, p > 0.0001). Weak flood 

and strong ebb tides occurred primarily in darkness at coastal sites during our study, 

while only strong ebb tides occurred during darkness more than half the time at our 

estuarine site (Figure 2.5). 

DISCUSSION 

 Pachygrapsus crassipes larvae showed clear differences in swimming rhythms 

based on their natal environment. Larvae from the open coast showed no repetitive 

vertical swimming behavior, whereas estuarine larvae showed strong patterns of vertical 

migrations. Surprisingly, the estuarine larvae did not exhibit RTVM (swimming up on the 

ebb tide and down on the flood tide), which is a common swimming behavior in Atlantic 

species (e.g. Zeng & Naylor 1996, Queiroga et al. 1997, Lopez-Duarte & Tankersley 
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2007a) and has been shown for P. crassipes larvae in low-inflow Pacific estuaries such as 

San Diego Bay (DiBacco et al. 2001). Instead, larvae from San Francisco Bay only swam 

lower in the water column during times they would be experiencing weak flood tides in 

the field, staying near the surface of the water column during ebb tides as well as during 

the stronger flood tide each day.  

 This behavior is unusual for an estuarine species that develops offshore, because 

in most circumstances larvae would be swept back up the estuary if they stayed at the 

surface during strong flood tides. The strong San Francisco Bay outflow combined with 

the narrow opening at the Golden Gate, however, would create a situation where larvae 

actually expedite their transport out of the estuary by remaining in the surface waters. In 

the spring and early summer, when most crustaceans release their larvae, freshwater 

outflow from San Francisco Bay is at its peak. During strong flood tides, ocean waters 

rush into San Francisco Bay through the deep and constricted estuary mouth at the 

Golden Gate, and larvae in the bottom waters would be pushed far upstream. The fresher 

surface waters are the only location in the water column that moves offshore during those 

times, so larvae would continue to exit the estuary if they swam up during strong flood 

tides (Martin 2006, Fram et al. 2007, Martin et al. 2007). 

 Though the surface waters provide the fastest path to the ocean, they are also 

significantly fresher than bottom waters and would be osmotically stressful for larvae 

(Anger 2003), which is presumably a major reason they are exiting the estuary to develop 

offshore. During ebb tides, the surface waters move fastest out of San Francisco Bay, and 

during strong flood tides, the bottom waters move quickly into the bay. Thus remaining 

in the surface layers during ebb tides and strong flood tides would expedite larval 
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transport from the bay. During weak flood tides, however, bottom waters move weakly 

into the bay and surface waters move weakly out of the bay, creating a situation where 

larvae could enter bottom waters without substantially impeding their offshore transport. 

This would provide them with a daily period of relief from the osmotic stress of surface 

waters.  

This tradeoff between fast transport and environmental stress is similar to a 

tradeoff between transportation and exposure to predation found by Morgan and 

Anastasia (2008). In their study, the authors found that fiddler crab larvae experimentally 

exposed to different tidal regimes altered their swimming rhythms to match the local tidal 

regime, even though it resulted in their ascension during daylight rather than nighttime, 

which consequently increased their vulnerability to visual predators. Therefore, speeding 

transport to the nursery grounds is more important than minimizing vulnerability to 

predation; likewise, larval behaviors in San Francisco Bay seem to favor rapid offshore 

transport over physiological ease.  

Though estuarine larvae exhibited swimming behaviors that would result in rapid 

offshore transport, they still appeared to exhibit diel vertical migrations (Figure 2.4). Our 

contingency analysis showed that the amount of darkness larvae would have experienced 

during each tidal stage was significantly different (p > 0.0001), indicating that the 

apparent diel vertical migrations could have been a byproduct of the tidal vertical 

migrations we observed. Indeed, close analysis of the percentage of nighttime hours 

during each tidal stage revealed that larvae were not avoiding surface waters during 

daylight, because larvae were found in the surface waters in high numbers during weak 

ebb tides, which occurred almost entirely during daylight hours (Figure 2.5). 
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 In contrast to their estuarine conspecifics, Pachygrapsus crassipes larvae spawned 

from populations on the open coast did not enter the upper surface waters only during 

flood tides or exhibit any repetitive vertical swimming pattern based on tide or light 

(Figures 2.3 and 2.4). While data suggest that P. crassipes larvae from the open coast 

facilitate offshore transport by staying in surface waters, they do not selectively enter and 

exit the upper surface layer like larvae from estuarine populations (Chapter 1). One 

explanation for the lack of patterned swimming in coastal populations is that larvae are 

spawned into physiologically suitable habitat, so exhibiting complex behaviors would not 

confer a physiological advantage to larvae. Instead, they can simply swim up in the water 

column to stay in offshore-flowing surface waters during the upwelling season, which 

will speed their offshore transport (Garcia-Reyes & Largier 2010). Previous studies have 

found that P. crassipes larvae develop offshore and likely exhibit a simple swimming 

behavior of staying near the surface to move offshore with the Ekman layer (Morgan et 

al. 2009, Morgan & Fisher 2010, Chapter 1). 

The phenotypic plasticity in swimming behavior that we observed in the 

laboratory has been observed in a species of fiddler crab in the northwest Atlantic, where 

larvae from different collection sites rapidly adjusted their swimming behavior to suit the 

local tidal regime when moved among sites (Morgan & Anastasia 2008). Larvae of the 

estuarine crab Rhithropanopeus harrisii also exhibited differences in tidal vertical 

swimming rhythms based on whether they were field-caught or raised in the laboratory in 

the absence of external cues (Cronin & Forward 1979, 1983). Estuarine larvae have also 

been shown to lack any tidal swimming behaviors when hatched in estuaries with 

negligible tides (Cronin & Forward 1986, Queiroga et al. 2002). Additionally, different 
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species living in different habitats (e.g., estuaries and the open coast) can exhibit diverse 

larval swimming behaviors (Lopez-Duarte & Tankersley 2007a, Lopez-Duarte 2008, 

Lopez-Duarte et al. 2011). However, our research is the first to show that larval 

swimming behaviors can vary naturally among populations of the same species in the 

same tidal regime based on habitat differences, indicating that phenotypic plasticity in 

larval behavior based on local conditions such as low salinity could be a key component 

of the population persistence of conspecifics in diverse environments.  
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Figure Legends 

Figure 2.1. Map of our study region showing our open coast (Bodega Harbor) and 

estuarine (Stege Marsh) crab collection sites. 

 

Figure 2.2. Tidal height (solid line) and periods of darkness (grey shading) larvae would 

have experienced in the field during each of our trials. Trials with coastal larvae took 

place from August 9-13, 2010 (A), and trials with estuarine larvae took place from 

August 19-21, 2010 (B) and August 31-September 4, 2010 (C). Analyses showed the 

number of hours in darkness varied by tidal stage; strong ebb tides occurred primarily in 

darkness during all trials, and strong flood tides and weak ebb tides occurred only during 

daylight in coastal trials (see Figure 2.4). 

 

Figure 2.3. Mean number of larvae in the top portion of the column during times larvae 

would be experiencing different tidal stages in the field. Larvae from the open coast 

showed no differences based on tide (p = 0.4198), while significantly fewer larvae (p < 

0.0001) from the estuarine population occurred in surface waters during the weaker flood 

tide each day. 

 

Figure 2.4. Mean number of larvae in surface waters during times they would be 

experiencing light or dark conditions in the field (all trials were conducted in darkness). 

Fewer larvae from the estuarine population occurred in surface waters during daylight 

hours than during nighttime (p < 0.0001). Larvae from the open coast population showed 

no difference in abundance based on field conditions (p = 0.2713). 
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Figure 2.5. Percent time larvae would have spent in darkness in the field during each tidal 

stage during our study. Time in darkness differed among tidal stages (p > 0.0001), with 

weak ebb tides occurring almost exclusively during daylight hours and strong ebb tides 

occurring primarily at nighttime. 
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Figure 2.5 
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Chapter 3 

Interannual variability in an atlas of trace element signatures  

for determining population connectivity 

ABSTRACT 

Studies of population connectivity in the marine environment have increasingly focused 

on using natural trace element signatures to track the dispersal of minuscule larvae. A 

successful trace element study requires a natal site atlas with high reclassification 

success, but selecting sites to create an atlas is time consuming and expensive, with no 

guarantee that trace element signatures will differ among sites and remain consistent over 

time. To determine whether natal site atlases could be used repeatedly and to identify site 

characteristics that yielded the best results, we built atlases in five consecutive years 

using crab embryos from 15 sites that spanned 190 km of the northern California coast. 

We analyzed the elemental composition of embryos using a discriminant function 

optimization procedure to determine the suite of elements that resulted in the best 

reclassification success for individual sites and groups of sites each year. No element or 

group of elements was useful in discriminating the origins of embryos every year, and the 

reclassification success of the atlas varied at all spatial scales among years. Average 

reclassification success at the site level ranged annually from 39.5% to 54.3% correct, 

and combining sites into three areas or two regions improved overall reclassification 

success to 72.5% to 97.7% correct. Sites with unique geology, consistent freshwater 

runoff, or high anthropogenic influences had the highest individual reclassification 

success (up to 86.7% correct), and variation in these factors helped account for the 

variability in reclassification success among sites. Targeting differences in these factors 
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when selecting sites in future trace element studies will increase the resolution of 

population connectivity estimates and inform explorations on the usefulness of these 

types of studies in a given area. 
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INTRODUCTION 

 Understanding how marine populations are connected is critically important for 

managing fisheries, marine protected areas, and the spread of invasive species as well as 

understanding the evolution of life in the sea. However, most benthic marine species have 

a two-stage life history: relatively sedentary adults release hundreds to millions of 

minuscule larvae that develop for weeks to months in the water column before settling to 

adult populations. Determining where these larvae go is essential to understanding 

population connectivity, but is technically challenging. Visually tracking individuals is 

impossible for all but the largest larvae, and even then only briefly (Olson 1985, Carlon 

& Olson 1993). Artificially tagging larvae is impractical, because the mark must be 

distinctive, easily applied to millions of individuals, retained throughout larval 

development, invisible to predators, non-stressful to larvae, and effectively recovered 

from settled juveniles (but see Jones et al. 1999, Almany et al. 2007).   

 Using naturally occurring “tags” from the distinctive signatures of trace elements 

in water masses is more feasible (Thorrold et al. 2002). Elemental signatures are either 

transferred to larvae by their mothers or absorbed from the natal environment and 

retained throughout their pelagic development (Hayes 1991, Levin et al. 1993, Anastasia 

et al. 1998, DiBacco & Levin 2000). Dispersal trajectories and the natal origins of larvae 

can be determined by matching the natal elemental signatures of settlers to the signature 

of the location where they hatched. To do this, researchers first create a natal site atlas 

using embryos (e.g. Carson et al. 2008) or outplanted larvae (e.g. Becker et al. 2005), and 

then collect settlers and match their trace elemental signatures to that atlas (Thorrold et 
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al. 1998, Swearer et al. 1999, Becker et al. 2007, Hobbs et al. 2007, Schaffler & 

Winkelman 2008, Hicks et al. 2010). 

Previous research has shown that the success of a natural trace element study 

depends largely on how many sites are sampled for the natal atlas, the dispersal distances 

of larvae, and the distinctiveness of site signatures. Widely spaced sites can be easily 

distinguished, even among multiple years (Zacherl 2005), but closely spaced sites can be 

difficult to resolve, especially in open coast environments (Neubauer et al. 2010). 

Differentiating trace element signatures among closely spaced sites is important, because 

many larvae likely disperse relatively short distances (Strathmann et al. 2002, Swearer et 

al. 2002, Morgan et al. 2009). Increasing the number of sites and focusing on areas that 

are an appropriate scale for the study organism will reduce the likelihood of settlers 

coming from locations beyond the study area, providing a fuller and more accurate 

representation of local connectivity. Additionally, determining the temporal stability of 

natal site atlases is essential. If trace element signatures are stable, then a natal atlas 

would only need to be created once, thereby reducing the effort and expense required to 

conduct population connectivity studies. Furthermore, if local trace element signatures 

vary among years, exploratory studies or those conducted during only one reproductive 

season could yield misleading results.  

By closely examining the factors responsible for creating and maintaining trace 

element signatures, investigators can select sites that will be readily distinguished in a 

natal atlas, even along a short stretch of coastline. Trace element signatures are 

influenced by a number of factors (Table 3.1), including geology (Preda & Cox 2001, 

Peng et al. 2004, Gonzalez et al. 2007), anthropogenic inputs (Valette-Silver 1993, 
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Steinhauer et al. 1994, Flegal et al. 2005, Valdes et al. 2010), and freshwater runoff 

(Borrego et al. 2004, Sanchez-Garcia et al. 2010). In upwelling regions along the western 

margins of continents, the configuration of the coastline affects the degree of coastal 

upwelling and thus the composition of trace elements in water masses, since upwelled 

waters can have distinctive trace element signatures (Sanudo-Wilhelmy & Flegal 1991, 

1996, Lares et al. 2002, Chase et al. 2005, Brumsack 2006). Upwelling is typically strong 

at headlands (upwelling centers), and weak in the lee of headlands where water is 

recirculated (Graham & Largier 1997, Roughan et al. 2005). Interannual and seasonal 

variation in upwelling and precipitation also affect the trace element composition of 

water masses, which reduces the stability of atlases of water masses. For example, runoff 

of trace elements and pollutants into coastal waters could be greater during wet years than 

in dry years. These features create a complex and diverse trace element seascape, and 

understanding the contribution of each feature can improve the success of trace element 

studies in any region.  

To investigate the factors responsible for creating natal trace element signatures 

among closely spaced sites and determine their temporal stability, we collected embryos 

from the intertidal porcelain crab Petrolisthes cinctipes (Porcellanidae) at 15 sites along 

190 km of the northern California coast from 2006-2010 (Figure 3.1). Strong upwelling 

at Point Arena and along the coast south towards Bodega Head, as well as outflow from 

San Francisco Bay and other freshwater runoff sources (e.g. Russian River), should 

provide strong natural signals for trace element signatures of water masses in this area 

(Thompson et al. 2000, Flegal et al. 2005, Connor et al. 2007). Furthermore, the 

elemental composition of rocks varies along the coastline, affecting the signatures of 
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surrounding water masses. Intertidal cobble fields inhabited by P. cinctipes consist 

primarily of Pleistocene-era terrace deposits, although some areas are composed of 

Miocene-era marine sandstone, shale or mudstone (Wagner et al. 1991). P. cinctipes 

externally broods embryos, which exposes them to both water masses and substrates that 

influence trace element signatures, thus making them excellent candidates for trace 

element studies (Anderson et al. 2006, Smalling et al. 2010).  

METHODS 

We collected 10-25 ovigerous Petrolisthes cinctipes during the peak reproductive 

season (April-May) at each of our field sites from Fort Bragg in Mendocino County to 

Abalone Point in Marin County (Figure 3.1) and froze them individually in trace-element 

pure (Fisher) muriatic acid-washed vials. To determine embryo trace element signatures, 

we removed a sample of embryos from each crab, added 0.5ml 2N NaOH (Alfa Aesar, 

trace element grade) to each sample, and dissolved embryo soft tissues in an 80oC water 

bath for three days. Samples were processed with a base because an acid would have 

dissolved the calcified structures as well as the soft tissues. Trace element signatures 

were investigated only in soft tissues, because crustaceans shed their exoskeletons as they 

molt from one developmental stage to the next. Sample solutions were transferred to 50 

ml, acid-washed, centrifuge tubes and diluted to 40 ml volume using Milli-Q ultrapure 

water.  

The trace element solutions from dissolved embryos were analyzed using an 

Agilent (Palo Alto, California) 7500i inductively coupled plasma mass spectrometer 

(ICP-MS). We analyzed 31 elements, of which 22 occurred at levels high enough above 

background blank measurements to be used (Table 3.2). ICP-MS technical details, 
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detection limits, and information on elemental standards can be found in Carson et al. 

(2008). Raw element counts for each sample were summed across elements, and 

individual element counts were divided by the sum to create a proportional score for each 

element. Proportional scores accounted for differences in embryo mass among samples 

without weighing individual embryos, which would have risked contamination. It is 

important to note that proportional scores do not accurately compare the concentrations 

of trace elements among samples, but rather the relative proportions of each element 

among samples. 

We evaluated the reliability of the atlas of natal signatures in each year using 

leave-one-out (“jackknifed”) reclassification success in discriminant function analysis. 

The ICP-MS analysis and post-processing produced signatures of 9-20 elements for 

samples in each year. Using these, we sought to determine the optimal suite of elements 

that produced the highest reclassification success at three levels: site, area, and region 

(Figure 3.1). Sites were combined into broader groups based on oceanography and 

hydrography. In our study region, outflow from San Francisco Bay is strongly 

anthropogenically influenced (e.g. Flegal et al. 2005, Hurst & Bruland 2008) and travels 

a variable distance along the outer coast (Wing et al. 1995). We used features of the coast 

that approximately demarcated areas of differing San Francisco Bay influence (Point 

Reyes and the Russian River) to combine sites into three areas or two regions (Figure 

3.1). 

We calculated the jackknifed reclassification success using quadratic discriminant 

function analysis (qDFA) at each level of spatial grouping for every permutation of 

elements available in a given year (511 to 410,210 elemental combinations). Element 
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scores were fourth-root transformed to meet the assumptions of normality and equal 

variances. In order to reduce computation times, we preceded the optimization procedure 

for each year with univariate analysis of variance (ANOVA) tests for among-site 

differences in each element; elements that were similar (p > 0.05) among sites were 

excluded from the optimization on the assumption that they would not provide good 

discrimination. In 2009 and 2010, nearly all elements were statistically different among 

sites, and examining all permutations was not feasible due to the computational time 

required. The best success rates were obtained using 6-9 elements from 2006 to 2008, and 

we restricted our analysis to permutations over this range of combinations, i.e., 6, 7, 8, or 

9 elements. DFAs were performed in Matlab 7.12 (Mathworks, Inc.; Natick, MA). 

From the range of permutations considered in each year, we identified those that 

produced reclassification success rates in both the 95th percentile for overall value and 

the 95th percentile for the mean groupwise success rate. This identified element 

combinations that had high success for all of the groups rather than just a few. The 

optimal suite of elements was chosen from within that subset as the suite that had the 

highest overall jackknife success rate. If no permutation of elements was in the 95th 

percentile for both categories, we took the permutation that had the highest overall 

jackknife success rate.  

In order to visualize the results of the DFAs, we also performed linear DFA 

(lDFA) on the optimized suites of elements in order to create canonical scores plots, 

investigate the relationships among sites, and determine which elements most strongly 

influence the differences in trace element signatures we found. lDFA was used instead of 
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qDFA because the latter is impossible to visualize in 2-D space, and the results are 

qualitatively similar. 

RESULTS 

The optimal suite of trace elements used for classifying samples varied among 

years and even among spatial groupings (site, area, region) within years (Table 3.2). The 

optimal suite of elements contained from four to nine elements, with 2006 and 2007 

requiring on average the most and fewest elements, respectively. Though some elements 

belonged to the optimal suite for each spatial grouping in a given year, the optimal 

element suites for different groupings or years were never identical, and no single 

element belonged to all optimal element suites across all years. Vanadium (V), cobalt 

(Co), copper (Cu), arsenic (As), and rubidium (Rb) were all used in more than half the 

optimized suites, whereas iron (Fe), zinc (Zn), and molybdenum (Mo) were used in only 

one suite (Table 3.2). 

The site-level embryo reclassification success ranged from 10.0% to 86.7% 

correct, with 2006 having the overall worst average reclassification success (39.5% 

correct) and 2009 and 2010 having the overall best average success (54.3% correct, Table 

3.3). All success rates were greater than the 6.7% expected by the site-level null 

hypothesis that samples from the same site are unrelated, though in 2006 and 2007 some 

sites came close with only 10% correct (Table 3.4). Proportions of trace elements in 

embryos varied among sites every year, making it impossible to use one year’s natal atlas 

to classify embryos from a different year (Appendix A). In fact, elemental proportions 

also varied interannually at the area level (Figure 3.2) and at the region level (Figure 3.3), 
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providing strong evidence that natal site atlases need to be recreated each year, regardless 

of the spatial scale of the study. 

The by-area reclassification successes were much higher than the by-site success 

rates. The individual by-area reclassification successes ranged from 55.9% to 96.6% 

correct, with 2006 again having the lowest overall average success (72.5%) and 2008 

having the overall best average success (95.1%, Table 3.3). Canonical scores of the DFA 

showed a consistent relationship among areas throughout the study and illustrated the 

among-year variability in the separation of samples and thus reclassification success 

(Figure 3.2). Trace element signatures from the central and southern areas were the most 

dissimilar each year, and signatures from the northern area were intermediate, though the 

spread among the areas varied. 

Grouping sites into just two regions increased reclassification successes slightly 

over grouping sites into three areas, with individual regional successes ranging from 

80.4% to 98.3% correct; 2006 had the lowest average success with 80.6% correct and 

2009 had the highest average success with 97.7% correct (Table 3.3). Embryos from the 

southern region had higher concentrations of cobalt and copper, which can be associated 

with anthropogenic inputs and have been shown to be tracers of San Francisco Bay 

outflow (Figure 3.4; Flegal et al. 1991, Hurst & Bruland 2008). 

DISCUSSION 

Our study showed persistent interannual variability not only in trace element 

signatures along the open coast, but also in the reclassification successes of natal atlases. 

This reinforces the need to recreate a natal site atlas at least annually when conducting a 

study of population connectivity using trace elements, regardless of the spatial scale of 
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the study. Importantly, our work also revealed that one-time exploratory tests of the 

utility of trace element signatures in a given area may be insufficient to determine the 

actual likelihood of success; tests conducted in a “good” year will likely be overly 

optimistic, while tests conducted in a “bad” year might lead researchers to incorrectly 

conclude that a study will not work in any year. However, an analysis of the geologic, 

anthropogenic, and hydrographic features of a study region could provide information 

about the potential success of a trace element study, even before analyzing trace element 

signatures. An analysis of these factors at the site level in our study helps explain why 

some sites had consistently high reclassification success, while others had consistently 

low or variable reclassification success. Investigating the temporal and spatial variability 

in trace element signatures also helps explain the patterns of success we found, because 

the suite of elements yielding the highest reclassification success varied among years and 

even among site groupings within years. 

In areas where specific elemental signals may vary across short spatial scales, it is 

particularly important to analyze samples for as many trace elements as possible 

(Appendix A). Important elements were difficult to predict in our study (Table 3.2); some 

elements associated with anthropogenic inputs to San Francisco Bay, such as lead and 

zinc (Flegal et al. 1991, Hurst & Bruland 2008, Hwang et al. 2009), were rarely part of 

the optimized element suites, even though we expected them to be included due to the 

influence of San Francisco Bay outflow in part of our study region. Some elements 

associated with upwelling, such as chromium (Sanudo-Wilhelmy & Flegal 1996), were 

important even at the site level, indicating that coastal variability in upwelling intensity 

may have played an important role in creating distinctive trace element signatures. 
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Understanding the spatial variability in trace element signatures is critical to 

developing a useful natal site atlas. Analyzing data at the site level does not yield useful 

reclassification success in most studies, particularly in studies with closely spaced sites 

(e.g. Becker et al. 2005). Consequently, selecting distinctive, stable sites is extremely 

important when creating a trace element site atlas, because the consistently high 

reclassification success would dramatically increase the amount of information that could 

be gleaned from the study. This could be difficult, even in a multi-year study; some of 

our sites had consistently high reclassification success, some had consistently low 

success, and others had variable success among years. Many sites also seemed to have at 

least one “bad” year when their reclassification success dropped below their site average, 

though these years varied among sites (Table 3.4). Thus determining which sites are most 

useful in an atlas is difficult, but researchers can improve the chances of success by 

investigating the geologic, anthropogenic, and hydrographic characteristics of potential 

sites before the study begins. The relative importance of each of these factors may vary 

by region, but understanding how among-site differences could affect the success of a 

natal atlas is critical to conducting a useful trace element study, particularly if funds are 

limited. 

Different geological formations along the coastline may have contributed to 

spatial variation in embryo trace element signatures among sites. The distinctive geology 

at Arena Cove and Abalone Point, for example, could be important to the high 

reclassification success rates at those sites. In contrast to the Pleistocene-era terrace 

deposits along most of the northern California coast, the cobble field at Arena Cove is 

composed of Miocene-era marine sandstone and shale from the Monterey Group 



51 
 

 

formation (Wagner & Bortugno 1982), and the cobble at Abalone Point is Miocene-era 

Santa Cruz mudstone (Wagner et al. 1991). Geologic deposits have distinctive trace 

element signatures, such as high aluminum in shales and high magnesium in limestone 

(Klein & Hurlbut Jr. 1993). The weathering of these different substrates would increase 

the likelihood that embryos from these sites also have distinctive signatures and thus 

increase their by-site reclassification success (Preda & Cox 2001, Peng et al. 2004, 

Brumsack 2006, Gonzalez et al. 2007). Weathering of high-CaCO3 sandstone may have 

resulted in the higher than average calcium concentrations at three sites in 2007 

(Appendix A; Klein & Hurlbut Jr. 1993). Conversely, the consistently poor 

reclassification successes seen at some sites, such as Timber Cove and Shell Beach 

(Table 3.4), could have been due to the widespread occurrence of Pleistocene deposits, 

which likely created indistinct trace element signatures at these sites. Variation in the 

elemental composition of rocks may be even less distinctive for broadcast spawners, 

because embryos are not closely associated with the substrate for long durations like 

brooders, which could make it more difficult to create a natal site atlas for those species. 

Variation in freshwater outflow could have a negative impact on the success of a 

natal site atlas by creating highly variable trace element signatures at some sites such as 

Bodega Harbor. Bodega Harbor is a tidally flushed estuary that experiences negligible 

freshwater runoff during summer and fall but occasional significant runoff events during 

winter and spring. In particularly rainy winters, Petrolisthes cinctipes in Bodega Harbor 

is exposed to greater volumes of freshwater runoff as well as increased concentrations of 

pollutants, such as fertilizers, pesticides, herbicides and automobile fluids (Smalling et al. 

2010). Freshwater runoff and pollutants may strongly affect the trace element signature 
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of water masses and embryos in Bodega Harbor in a wet year, such as 2006, whereas the 

signature would be more heavily influenced by the influx of seawater during a dry year, 

such as 2008. Elements such as lead (Pb), zinc (Zn), and copper (Cu) could be 

particularly variable, since they have been shown to vary naturally among freshwater 

sources as well as with human influence (Table 3.1; Borrego et al. 2004, Hwang et al. 

2009) This varying influence of trace elements from anthropogenic sources and naturally 

occurring in freshwater runoff could account for the high variability seen in the 

reclassification success of embryos from Bodega Harbor (from 25.0% to 73.3% correct, 

Table 3.4). 

Consistent freshwater runoff, on the other hand, could have a positive impact on 

the success of a natal site atlas. The year-round outflow from San Francisco Bay may 

have generated the distinctive trace element signatures and high reclassification success 

at sites along the coast nearby, such as Abalone Point. Previous research has shown that 

all of the elements we sampled can vary among different freshwater sources due to 

natural and anthropogenic factors (Ouyang et al. 2006, Musgrove et al. 2010, Smith & 

Whitledge 2010, Zeigler & Whitledge 2011), creating particularly distinct trace element 

signatures in areas influenced by freshwater runoff. The sites near San Francisco Bay 

come in contact with terrestrially derived, anthropogenically influenced waters year-

round, creating stability in the embryo trace element signatures, particularly of elements 

such as cobalt and copper, which have been shown to be tracers of San Francisco Bay 

outflow (Hurst & Bruland 2008). 

In fact, the spatial extent of freshwater runoff from San Francisco Bay appeared to 

be the most important feature in our study region when trying to combine sites into areas 
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of similar trace element signatures to increase reclassification success, likely due to its 

strong anthropogenic and terrestrial influences (Flegal et al. 2005, Connor et al. 2007). 

When strong northwest winds periodically relax during the peak upwelling season, which 

coincides with the reproductive season for Petrolisthes cinctipes and many other 

invertebrates in northern California, outflow from San Francisco Bay flows around the tip 

of Point Reyes and northward along the coast (Wing et al. 1998). These 

anthropogenically influenced waters only occasionally flow north of the Russian River in 

Sonoma County, so the river makes a logical dividing line in our study region (Figure 

3.1). Thus, the area south of Point Reyes is heavily influenced by San Francisco Bay, the 

area between Point Reyes and the Russian River is periodically influenced by San 

Francisco Bay, and the area north of the Russian River is rarely influenced by San 

Francisco Bay. By dividing our study region into these three areas, we increased our 

reclassification success dramatically (Table 3.3). Dividing the study region using only the 

Russian River as the border further improved our success but provided substantially less 

detail for only modest gains in reclassification success. Therefore, grouping sites into 

three areas along the coast provided the highest reclassification success while retaining 

the most information possible, as found by Carson et al. (2008) for the same area.  

Our high reclassification successes show that closely spaced sites along the open 

coast in a region of strong upwelling can have trace element signatures as distinctive as 

those found in studies that focused on estuarine sites or compared estuarine and coastal 

sites (e.g. Gillanders 2005, Becker et al. 2007). Though upwelling plumes bathe large 

sections of our study region in the same oceanic waters (Halle & Largier 2011), other 

features such as retention zones, upwelling centers, geologic formations, and riverine 
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inputs combine to disrupt the homogenizing influence upwelling plumes could have and 

create a rich patchwork of trace elements along the open coast. 

Despite the many challenges in creating a trace element atlas, our results show 

that site selection can have a major impact on the usefulness of a natal site atlas. 

Nevertheless, the temporal instability of trace element signatures requires the atlas to be 

reconstructed each year, and interannual reclassification success rates will likely vary. 

Using closely spaced sites along the open coast typically leads to some sites having 

mediocre reclassification success, making it necessary to combine sites into groups that 

cover larger geographies (see also Becker et al. 2005, Carson et al. 2008). However, 

connectivity of populations among a few sites with distinctive signatures could still be 

distinguished even under these circumstances.  

Based on our experience, we recommend considering the following criteria for 

creating a natal atlas to ensure the highest possible by-site (or by-group) reclassification 

success, though it should be used as a guide to include more useful sites rather than 

excluding sites that do not have distinctive features. After all, closely spaced sites 

improve estimates of population connectivity in a region. 

1) Geology. Study the local geologic map for differences in rock types that could 

lead to differences in local trace element concentrations. 

2) Habitat. If the study organism spans estuaries and the open coast, include sites 

with both habitats rather than just the most common habitat. 

3) Pollution. Incorporate sites that are highly polluted and others that are 

comparatively uncontaminated. 
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4) Runoff. Include sites with freshwater runoff and anticipate the influence of 

interannual variability in freshwater runoff. 

 Many factors should be considered when selecting sites for a study of population 

connectivity using trace element signatures. We have shown that it is possible to have 

high reclassification success at individual sites, even among multiple closely spaced sites 

on the open coast. Grouping sites when creating the natal site atlas can dramatically 

increase reclassification success, but it decreases the level of detail provided by the study. 

Therefore, it is preferable to include more groups in the atlas, even if reclassification 

success is slightly lower than for fewer groups. Following the suggestions above when 

selecting sites will allow researchers to maintain a high level of detail in their study while 

achieving high reclassification success. 

 Our study also reveals the importance of considering scale when designing studies 

of population connectivity. Typically, researchers seek to match the spatial scale of the 

study to the spatial scale of the demographics or ecological interactions of the study 

organism (Wiens 1989, Levin 1992). When conducting a study using techniques such as 

trace elements that rely on factors that are variable over multiple scales, however, 

researchers must fit their study to the spatial scale of the data, which may or may not 

correspond to demographically relevant scales. Researchers must therefore carefully 

match not only their study organisms but also their methodologies to the spatial scales 

over which both factors are relevant. Doing so will thus yield results that are meaningful 

and provide important and focused insights into how populations are connected through 

larval dispersal in coastal waters. 
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Table 3.1. List of elements that have been shown to be influenced by local factors. See 

text for references. 

 
Element 

Factor Mg V Cr Mn Fe Co Cu Zn As Sr Cd Pb 
Geology           • • • •     • 
Freshwater runoff • • •   •   • • • • • • 
Upwelling       • •     •     •   
Human influences           • • •       • 
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Table 3.2. The suite of elements yielding the optimal reclassification success using qDFA 

for each grouping level (site, area, region) in each year. The total number of elements in 

each suite is displayed in the far right column. 
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Table 3.3. The overall qDFA reclassification successes for each year and grouping level. 

Columns to the right indicate which sites, areas, or regions had the highest (‘best’) and 

lowest (‘worst’) successes each year (see Figure 3.1 for site abbreviations). 

 Reclassification Success (%) 
Site Overall Best Worst 
2006 39.5 TC (61.1) SB (10.0) 
2007 42.6 TC (77.8) FR (10.0) 
2008 53.9 AC (80.0) TB (20.0) 
2009 54.3 AC (86.6) SB (33.3) 
2010 54.3 AC, BH (73.3) PR, TB (35.7) 
Area   
2006 72.5 North (80.0) Central (55.9) 
2007 75.9 North (76.9) South (70.0) 
2008 95.1 North (96.1) Central (93.3) 
2009 94.1 North (96.6) South (89.7) 
2010 79.9 North (84.0) Central (77.1) 

Region   
2006 80.6 North (80.6) South (80.4) 
2007 84.4 North (85.9) South (82.3) 
2008 95.8 South (96.9) North (94.8) 
2009 97.7 North (98.3) South (97.1) 
2010 91.0 North (91.0) South (90.1) 
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Table 3.4. Percent correct reclassification successes for our 15 study sites each year. Sites 

are arranged alphabetically. 

  Reclassification Success (%) 
Site 2006 2007 2008 2009 2010 
Abalone Point 60.0 60.0 70.0 53.3 42.9 
Arena Cove 50.0 70.0 80.0 86.7 73.3 
Bodega Harbor 25.0 66.7 70.0 46.7 73.3 
Bodega Marine Lab 40.0 60.0 50.0 40.0 60.0 
Chimney Rock 35.0 20.0 50.0 57.1 50.0 
Fort Bragg 55.0 33.3 66.7 42.9 60.0 
Fort Ross 40.0 10.0 50.0 53.3 50.0 
Iversen Point 45.0 30.0 55.6 46.7 **1 

Navarro Point 50.0 44.4 50.0 66.7 53.3 
Pinnacle Rock 33.3 20.0 28.6 40.0 35.7 
Salt Point 28.6 50.0 40.0 71.4 64.3 
Sea Ranch 36.8 30.0 66.7 64.3 38.7 
Shell Beach 10.0 11.1 33.3 33.3 64.3 
Timber Cove 20.0 40.0 20.0 53.3 35.7 
Twin Coves 61.1 77.8 66.7 64.3 58.3 

1. Iversen Point could not be reached for field samples during 2010 due to unsafe 
conditions. 
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FIGURE LEGENDS 

Figure 3.1. Map of our study region depicting collection sites grouped into three areas 

relative to coastal features. The central and south areas also were combined into a 

southern region for comparison with the region north of the Russian River. 

 

Figure 3.2. Paired panels showing plots of canonical scores from lDFA analyses (top 

panels A-C, G, H) and coefficients of the lDFA for elemental associations (bottom panels 

D-F, I, J) for each year among three areas. Top panels illustrate how samples from 

different regions are related to each other, with ellipses representing 95% confidence 

intervals. Bottom panels illustrate which elements are associated with which region each 

year. Note differences in scales among years. 

 

Figure 3.3. Linear discriminant function analysis results in two regions during each year 

of the study. Each symbol denotes one embryo sample, and lines denote 95% confidence 

intervals. The regions were most distinct in 2009 and least distinct in 2006, as reflected in 

their reclassification success rates (97.7% and 80.6%, respectively). 

 

Figure 3.4. Panels plotting coefficients of the lDFA for elements in the optimized suite 

each year at the regional level. Elements associated with the northern region occur to the 

left side of the panels, while elements associated with the southern region occur to the 

right side of the panels. Note the difference in scale in 2009. 
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Figure 3.2 
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Figure 3.3 
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Figure 3.4 
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APPENDIX A 

Trace element proportions at the 16 sites were highly variable during the five-year 

study. In 2006, embryos from Twin Coves were high in cobalt and strontium (Figure A). 

In 2007, embryos from Navarro Point and Salt Point were elevated in calcium and 

cadmium (Figure B). Embryos in 2008 showed complex patterns for many elements. 

Arena Cove, Chimney Rock, and Abalone Point had high nickel concentrations, and 

Iversen Point and Chimney Rock had high strontium. Five sites had high rubidium, while 

barium showed three different levels: Arena Cove, Iversen Point, and Twin Coves had 

the highest proportions, Fort Bragg, Fort Ross, Shell Beach, and Chimney Rock all had 

moderate proportions, and the other eight sites had the lowest proportions (Figure C). In 

2009, embryos from Navarro Point had higher than average proportions of a number of 

elements while those from Arena Cove were high in vanadium (Figure D). In 2010, none 

of the sites had consistently high values for any element, though proportions of elements 

at Sea Ranch varied widely among samples (Figure E). 

 

FIGURE LEGENDS 

Figure A. The average proportional score for each element of the optimized element suite 

in 2006, with sites organized from north (1) to south (15) along the x-axis. Center lines of 

box plots represent the median value, rectangles encompass the second and third 

quartiles, and whiskers extend to the values within the inner fences. Asterisks and open 

circles denote outliers and extreme outliers, respectively. Proportional scores do not sum 

to one each year because not all elements were part of the optimized element suite.  
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Figure B. The average proportional score for each element of the optimized element suite 

in 2007, with sites organized from north (1) to south (15) along the x-axis. See Figure A 

for details. 

 

Figure C. The average proportional score for each element of the optimized element suite 

in 2008, with sites organized from north (1) to south (15) along the x-axis. See Figure A 

for details.  

 

Figure D. The average proportional score for each element of the optimized element suite 

in 2009, with sites organized from north (1) to south (15) along the x-axis. See Figure A 

for details.  

 

Figure E. The average proportional score for each element of the optimized element suite 

in 2010, with sites organized from north (1) to south (15) along the x-axis. See Figure A 

for details. 
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Figure B 
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Figure C 
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Figure D 
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Figure E 
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Chapter 4 

Trace element signatures in larval soft tissues can reveal  

larval dispersal and population connectivity 

ABSTRACT 

 Trace element signatures in calcified structures have been used to determine 

dispersal trajectories of fish and mollusc larvae.  This method succeeds because 

elemental signatures incorporated in the calcified structure at birth are retained, 

unchanged, for the rest of the organism’s life. Our goal was to determine whether trace 

element analysis could be applied to larvae of the vast majority of species that do not 

retain calcified structures. To determine whether natal signatures are retained in soft 

tissues throughout larval development, we collected embryos of the porcelain crab, 

Petrolisthes cinctipes, from two to four locations along the coast of northern California in 

two years and reared larvae in a common water source for 6-8 weeks until they 

metamorphosed to postlarvae. Twenty elements were analyzed in extractions of soft 

tissues from embryos and the two larval and one postlarval stages. Elemental signatures 

of these planktonic stages were compared to those of embryos from the different 

collection sites using discriminant function analysis to determine if they could be 

accurately assigned to their site of origin. Overall reclassification success of postlarvae 

was poor (average 39.7% correct), though individual site success ranged from 86.2% 

correct to 0% correct. Reclassification success improved to 81.7% correct overall 

(ranging from 35.7% correct to 94.4% correct) when using each larval stage as a training 

set for the same larval stage. Thus, the same trace element signatures were not 

consistently maintained from embryos to postlarvae, but differences in signatures among 
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natal sites were maintained. Trace element signatures in soft tissues could be useful in 

tracking dispersal from one stage to the next and determining how many sites, rather than 

which sites, contributed to a cohort of settlers. 
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INTRODUCTION 

 Populations of most species of sedentary marine organisms are connected by the 

movement of pelagic gametes or larvae, though knowledge of the dispersal patterns of 

larvae is limited (Strathmann et al. 2002, Marshall & Morgan 2011). Larvae can be 

affected by ocean currents, but many species exhibit behaviors that regulate their 

alongshore and offshore movement (Young 1995, Kingsford et al. 2002, Queiroga & 

Blanton 2004), resulting in populations that are less connected than previously thought, 

even in highly advective ocean environments (Morgan et al. 2009, Shanks & Shearman 

2009, Chapter 1). Determining larval dispersal pathways requires an unmistakable 

tagging method, but most of the tagging methods commonly used in ecological studies 

are inappropriate for tracking marine larvae. Visual tracking of individuals is impossible 

for all but the largest larvae, and even then for only very short periods of time (Olson 

1985, Carlon & Olson 1993). Artificially tagging larvae is impractical, because the tag 

must be distinctive, easily applied to millions of individuals, retained for several weeks to 

months throughout larval development, invisible to predators, non-stressful to larvae, and 

efficiently recovered from settled juveniles (but see Mohler 1997, Jones et al. 1999, 

Moran 2000). Instead, investigators have capitalized on differences in naturally occurring 

trace element signatures of larvae to establish larval dispersal trajectories and population 

connectivity (Thorrold et al. 2002, Thorrold et al. 2007). 

Natural trace element signatures are created when developing larvae incorporate 

trace elements into hard calcified structures such as shells (Becker et al. 2005), statoliths 

(Zacherl et al. 2003), and otoliths (Swearer et al. 1999), or soft tissues (Anastasia et al. 

1998). The signatures are influenced by water chemistry, maternal provisioning, and 
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larval food sources (Hayes 1991, Levin et al. 1993, Anastasia et al. 1998, DiBacco & 

Levin 2000, Walther & Thorrold 2006), though the relative contributions of these factors 

are poorly understood.  Regardless of the source, there is often considerable variation 

among natal locations in the trace element signatures deposited in larval hard and soft 

tissues.  In the case of hard parts, an investigator can isolate the signature from the natal 

portion of the structure and use the signature to map the larva to its hatching location 

using an “atlas” of the signatures from each location.  In the case of soft parts, the natal 

signature must be retained throughout development in order to use it to determine the 

larva’s natal site. Because of the uncertainty surrounding the retention of natal signatures 

in larval soft tissues, investigators have focused on studies involving calcified structures 

(e.g. Swearer et al. 1999, Becker et al. 2007, Carson 2008). 

Though using trace element signatures found in calcified structures can provide a 

wealth of information about population connectivity, the technique is currently applicable 

to only fishes and molluscs, because the vast majority of invertebrates lack hard 

structures that are (a) large enough to analyze and (b) retained throughout larval 

development. Trace elemental signatures in soft tissues of larvae could be applied to all 

species provided that they are maintained throughout development as larvae travel 

through different water masses.  For example, crab larvae molt all of their hard parts (the 

carapace) multiple times during the larval period, discarding any natal signatures in them, 

but they could retain the signature in soft tissues provided metabolic turnover of those 

tissues is slow.  Artificially high levels of some trace elements are retained throughout 

development (Anastasia et al. 1998) and distinctive trace element signatures occur in 

embryos and recently released larvae (DiBacco & Chadwick 2001, Carson 2008, Chapter 
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3). However, it is yet to be demonstrated that larvae maintain stable, natural signatures 

throughout their entire pelagic development. 

Our objective was to determine whether natural trace element signatures are 

retained in soft tissues from the embryonic to the settlement stage of the porcelain crab, 

Petrolisthes cinctipes. Distinctive elemental signatures of externally brooded embryos of 

this species have been documented along the open coast of northern California, providing 

a natal atlas to determine larval trajectories and population connectivity in this upwelling 

regime (Carson et al. 2008, Chapter 3). P. cinctipes larvae molt through two larval stages 

before metamorphosing to postlarvae after approximately 42 days (Shanks & Eckert 

2005). We (1) collected embryos and ovigerous crabs from sites with distinctive trace 

element signatures and reared larvae in seawater from a common source in the laboratory, 

(2) extracted and analyzed soft tissues from each developmental stage, and (3) compared 

elemental signatures from the larval and postlarval stages to the embryos obtained from 

each site. Thus, we determined whether larvae and postlarvae could accurately be 

assigned to their site of origin, thereby establishing the feasibility of using trace elements 

in soft tissues for documenting larval dispersal pathways and population connectivity.  

METHODS 

 Ovigerous Petrolisthes cinctipes were collected by hand from two sites in 2009 

(Bodega Harbor and Fort Bragg) and from four sites in 2010 (Bodega Head, Shell Beach, 

Fort Bragg, and Kibesillah, Figure 4.1). Sites were selected from different regions of the 

coast that have shown distinctive trace element signatures in embryos in previous studies 

(Carson et al. 2008, Chapter 3). Ovigerous crabs and seawater were collected at each site 

in late March and early April and transported to Bodega Marine Laboratory (BML) in 
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acid-washed containers. Fifteen crabs were frozen for later analysis of trace elements in 

embryos. The remaining crabs were transferred to individual mesh cages and placed in 35 

L aquaria that were filled with filtered seawater from their collection sites.  

Crabs were monitored daily for larval release. Newly hatched larvae (zoeae) were 

immediately transferred in groups of less than 6 individuals to acid-washed plastic boxes 

with 95 ml of filtered seawater from Horseshoe Cove, which is located immediately 

adjacent to BML. Zoeae were reared in a 14:10 L:D cycle at 10°C. They were fed newly 

hatched Artemia spp. nauplii ad libitum (approx. 230 nauplii per compartment), and their 

water was changed every other day. Dead larvae and molts were removed during water 

changes and newly hatched Artemia spp. nauplii were added. First stage zoeae molted to 

the second stage approximately 3 to 4 weeks after hatching (19 to 27 d) and second stage 

zoeae molted to megalopae (the postlarval stage at which settlement can occur) 

approximately 3 to 4 weeks later (21 to 30 d). Thus, larval development was completed in 

about 6 to 8 weeks (40 to 57 d). 

 In 2009, we preserved samples of first and second stage zoeae and megalopae to 

investigate the depuration of trace elements between successive stages, and in 2010, we 

only preserved individuals that successfully molted to megalopae. Larvae were removed 

from their compartment using acid-washed porcelain forceps, washed with Milli-Q 

ultrapure water, and frozen in acid-washed microcentrifuge tubes. Frozen zoeae, 

megalopae, and ovigerous crabs from each collection site were thawed to room 

temperature before analysis. Approximately ten embryos were removed from each crab 

using acid-washed porcelain forceps and placed in an acid-washed microcentrifuge tube. 

Zoeae and megalopae were processed individually to extract the soft tissues while leaving 
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the calcified structures intact. Tissues were dissolved by adding 0.5 ml of 2N NaOH 

(Alfa Aesar, trace element grade) to each sample and heating them in an 80°C water bath 

for three days. The resulting solution was transferred to 50 ml, acid-washed centrifuge 

tubes, leaving the calcified structures in the original microcentrifuge tube, and diluted to 

40ml using Milli-Q ultrapure water. 

Samples were analyzed using an Agilent (Palo Alto, California) solution-based 

7500i inductively coupled plasma mass spectrometer (ICP-MS). We analyzed 30 

elements, of which 20 occurred at levels high enough above background blank 

measurements to be used. ICP-MS technical details and information on elemental 

standards can be found in Carson et al. (2008). Data were post-processed to eliminate 

elements that gave clearly erroneous readings (e.g., negative values). Trace element 

signatures were determined by summing the raw counts of each element and then 

dividing individual element counts by the sum to create a proportional score for each 

element. Proportional scores allowed us to account for differences among sample masses 

without weighing samples, which was impractical and would have caused contamination. 

The typical procedure when using elemental signatures to estimate connectivity 

patterns is to obtain an atlas of natal signatures and then use multivariate machine 

learning (such as discriminant analysis) to classify post-dispersal individuals.  Leave-one-

out (“jackknife”) reclassification is used to evaluate the precision of the atlas in assigning 

natal signatures to the correct site (White & Ruttenberg 2007). We followed this 

procedure to evaluate the persistence through development of elemental signatures in 

embryos. We calculated the jackknife reclassification success rate for embryos among 

sites using quadratic discriminant function analysis (qDFA).  Although up to 20 elements 
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were available for analysis, we used an optimization procedure to select the suite of 

elements that afforded the highest reclassification success in each year. We used 

univariate analysis of variance (ANOVA) tests for among-site differences in each 

element; elements that were similar (p > 0.05) among sites were excluded from the 

optimization, on the assumption that they would not provide good discrimination (all 

element scores were quad-root transformed prior to all analyses to meet the assumptions 

of normality and equal variances).  We then calculated the qDFA jackknife success rate 

for every permutation of the remaining elements. 

From the range of permutations considered in each year, we identified those that 

produced reclassification success rates in the 95th percentile for both overall value and 

mean groupwise success rate, thereby identifying element combinations that had success 

classifying all of the groups rather than just a few of them. The optimal suite of elements 

was chosen from within that subset as the suite that had the highest overall jackknife 

success rate. If no permutation of elements was in the 95th percentile for both categories, 

we took the permutation that had the highest overall jackknife success rate.  

 We then used the embryo samples as a training set (the set against which other 

samples were compared) for qDFA to assign megalopae to a natal site in 2009 and 2010. 

In 2009, we also used the optimized suite of elements found for embryos to assign stage 1 

and 2 zoeae and megalopae to sites of origin, utilizing earlier stages as training sets for 

later stages to see how well trace element signatures are retained through development. 

For example, zoeae 2 were used to create a site atlas to which zoeae 2 and megalopae 

were compared, which enabled us to determine how similar zoeae 2 were to others from 

the same natal site (using jackknife reclassification) and to see if their trace element 
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signatures could assign megalopae to their correct site of origin. In 2010, we also used 

megalopae as a training set to classify themselves to a site of origin. In order to visualize 

the results of this analysis, we plotted canonical scores from a linear DFA on the 2010 

data; the linear and quadratic DFA produced similar results in this year, but it is not 

possible to visualize qDFA results in two-dimensional space.  

RESULTS 

 Embryo samples used to create the natal site atlas in 2009 had an overall jackknife 

reclassification success to their site of origin of 100% based on an optimized suite of six 

elements (Table 4.1). Though embryos had perfect reclassification success, the 

reclassification success for larvae and postlarvae was highly variable among stages and 

between sites (Table 4.2). Using the embryo site atlas as our training set, samples from 

Bodega Harbor had very low reclassification success, with stage 1 zoeae, stage 2 zoeae, 

and megalopae being correctly classified at 5.6%, 6.7%, and 7.1% accuracy, respectively 

(Table 4.2). Samples from Fort Bragg, on the other hand, had high reclassification 

success, with stage 1 zoeae, stage 2 zoeae, and megalopae being correctly classified at 

96.7%, 75.6%, and 86.2% accuracy, respectively (Table 4.2). The unequal sample sizes 

of megalopae between sites (Fort Bragg n = 29, Bodega Harbor n = 14) led to an overall 

reclassification success of 60.5% correct for megalopae. 

Using larval stages as the training sets provided interesting information on the 

maintenance of trace element signatures throughout development (Table 4.2). A site atlas 

created for stage 1 zoeae correctly classified over 90% of stage 1 zoeae from both sites. 

Likewise, using stage 2 zoea as the training set, the atlas correctly classified 86.7% and 

78.1% of stage 2 zoea from Bodega Harbor and Fort Bragg, respectively. Using these 
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atlases to classify later stages, however, was met with limited success (Table 4.2). Using 

megalopae as our training set yielded an overall reclassification success of 72.1%, but 

this was strongly driven by the high success and greater sample size of Fort Bragg 

(89.7% correct, n = 29); Bodega Harbor samples had a low reclassification success 

(35.7% correct, n = 14). The finding that using megalopae as a training set increased our 

reclassification successes, but that the successes were different between sites, led us to 

double our site number and increase the evenness of our sample sizes in 2010. 

 In 2010, embryo samples had an average reclassification success to their site of 

origin of 81.4%, ranging from 100% correct (Fort Bragg) to 73.3% correct (Kibesillah), 

based on an optimized suite of 13 elements (Table 4.3, Figure 4.2). As in 2009, 

reclassifications of megalopae were much lower, with an overall success rate of 28.9%, 

ranging from 65% correct (Fort Bragg) to 0% correct (Shell Beach) based on the same 

optimized suite of elements. Of 83 megalopae, only three were assigned to Bodega Head 

(one correctly), and none were assigned to Shell Beach. Most megalopae were assigned 

to Fort Bragg, though this site contributed the second fewest megalopae that year. Using 

the trace element signatures of megalopae as a training set to assign megalopae to a site 

of origin resulted in a higher success rate (51.8% correct; Table 4.2), though individual 

sites ranged from 33.3% correct (Shell Beach) to 62.1% correct (Bodega Head). 

 Proportional scores of elements ranged widely each year, with Fort Bragg having 

higher chromium, nickel, and arsenic than Bodega Harbor in 2009 (Figure 4.3). Both 

sites had high variation in magnesium and vanadium in their samples. For 10 of the 13 

elements in our optimized suite in 2010, the southernmost (Bodega Head) and 
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northernmost (Kibesillah) sites were more similar to each other than to either of the other 

sites (Shell Beach and Fort Bragg, Figure 4.4). 

DISCUSSION 

 Porcelain crab larvae did not reliably retain trace element signatures in their soft 

tissues as they developed from embryos to postlarvae, but postlarvae from different sites 

could be distinguished from each other. This indicates that soft tissue trace element 

signatures could be useful in determining how many sites, rather than which sites, 

contribute to a cohort of settlers. The reclassification success of embryos used to create 

natal site atlases was high in 2009 and 2010, but we were unable to correctly assign high 

percentages of postlarval settlers to their sites of origin with the exception of one site in 

one year (Fort Bragg in 2009). The variability in postlarval reclassification success 

among sites and between years was poor. In 2009, all but one of the megalopae were 

incorrectly classified for one site (Bodega Harbor), while over 85% of megalopae were 

correctly classified for the other site (Fort Bragg, Table 4.1). In 2010, 96% of megalopae 

were assigned to two of our four sites (Kibesillah and Fort Bragg), though those sites 

contributed just under half the megalopae in the study; the other two sites had 

reclassification success rates of 3.5% and 0% (Bodega Head and Shell Beach, 

respectively). Fort Bragg was the only site for which we have data in both 2009 and 

2010, and its reclassification successes differed by almost 25% between years. These 

widely varying results and overall poor reclassification successes indicate that trace 

element signatures in soft tissues cannot be used reliably to determine the natal origins of 

settlers for this species, though they can be used to determine how many populations 

contribute to a settler pool.  
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 The mismatch between the trace element signatures of embryos and megalopae 

could indicate that either A) our experimental design disrupted the retention of natal 

signatures which would have occurred naturally in the field, or B) that larvae do not 

retain natal signatures and assimilate the signature of the water in which they develop. 

Though we simulated larval mixing in the nearshore, larvae may stay close to their natal 

sites where they would be exposed to water masses that are much more similar to their 

natal sites than in our study (Morgan et al. 2009, Morgan & Fisher 2010). If this were the 

case, however, settlers that originated from Bodega Head would have maintained their 

trace element signatures and been correctly assigned to their site of origin, given that they 

were reared in water collected from this site. This did not happen because only three 

settlers were assigned to Bodega Head and only one of them was assigned correctly 

(Table 4.3). Furthermore, most megalopae in 2010 were assigned to the two northern 

sites, Fort Bragg and Kibesillah, which are located over 150 km north of Bodega Head, 

the source of the seawater used to raise the larvae. This provides evidence for option B, 

that larvae in our study did not retain embryonic elemental signatures throughout their 

development. 

 Investigating how larvae incorporate trace elements into their soft tissues is an 

important next step toward determining if soft tissue trace element signatures can be used 

to determine natal origins for other species that have shorter pelagic larval durations or 

occur in habitats such as estuaries with stronger trace element signals. Identifying 

specific elements that might be retained throughout larval development is central to this 

effort, particularly given how elements vary spatially along the coast (Figures 4.3 & 4.4). 

Future laboratory studies should aim to determine the relative importance of the multiple 
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ways larvae can incorporate trace elements, including uptake through food, absorption 

through water, and transfer from parents, and test specific elements that have shown 

promise for retention in previous studies (e.g. selenium; Anastasia et al. 1998). Our study 

contained a number of elements used in biological processes, so including elements such 

as rare earth elements that larvae do not utilize could reveal useful tags that are retained 

thought development. Investigations such as these will provide the information necessary 

to determine if trace element signatures in soft tissues could be useful to determine the 

natal origins of some taxa. 

 Our data on elemental depuration rates between stages revealed changes in the 

trace element signatures of larvae at each molt. Importantly, all larval stages had very 

high (up to 100%) reclassification success when we used the same stage to create a trace 

element atlas in 2009 (Table 4.2), revealing a new way to utilize trace element signatures 

to investigate larval dispersal. Instead of using a natal site atlas to determine which 

source populations contributed to a settler pool at a given site, researchers could analyze 

the trace element signatures of settlers to determine how many source populations 

contributed to the settler pool. Even though natal signatures change over the period of 

larval development, those signatures appear to retain among-site differences. Comparing 

settlers and combining them into groups with similar trace element signatures could 

reveal how many sites contributed to the settler pool, even though the sites of origin 

would be unknown (sensu Standish et al. 2011). 

 Additionally, groups of early-stage larvae caught in the water column could be 

analyzed to determine if certain locations contained larvae from many source populations 

and thus could be serving as larval nurseries. Recognizing how many sources contributed 
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to a cohort of larvae in a nursery area and understanding which locations serve as larval 

nurseries would be invaluable, particularly for populations that are geographically 

isolated or targeted for inclusion in a marine protected area. Investigators also could 

compare trace element signatures of embryos and field-caught stage 1 zoeae to determine 

initial dispersal trajectories and rates (DiBacco & Chadwick 2001). Because larvae likely 

assimilate trace elements directly from seawater during their pelagic development, 

comparing the signatures of later stage field-caught zoeae to signatures of coastal water 

masses could reveal broad dispersal trajectories and nursery locations, such as offshore 

versus nearshore waters (Swearer et al. 1999, Hamilton et al. 2008). 

 Our study provides critical information concerning the development of a natural 

trace element tag for marine larvae. The use of these tags to determine connectivity 

among known populations has thus far been restricted to the few species that retain 

significant calcium carbonate structures throughout larval development, but trace element 

signatures in soft tissues also can be useful tools for understanding population 

connectivity. Though trace element signatures were not retained in the soft tissues of our 

study species throughout its larval development, other species might be better suited for 

this technique, such as species with short pelagic larval durations or those that occur in 

estuaries with strong, distinctive trace element signatures. Nevertheless, the signatures of 

larvae in our study from individual sites appear to change in similar ways, providing 

researchers with a useful method for determining how many sources contribute to the 

settler pool at a site. This finding greatly increases the number of species for which trace 

element signatures can provide information about population connectivity and source-

sink dynamics in the sea. 
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Table 4.1. Reclassification success of embryos and megalopae from two sites in 2009 

using quadratic discriminant function analysis. We used an optimized suite of six 

elements (bottom row) for these reclassifications. 

2009 Reclassification Success Megalopae 

Site Embryos Megalopae Total Assigned to 
Bodega Harbor 

Assigned to 
Fort Bragg 

Bodega Harbor 100% 7.1% 14 1 13 
Fort Bragg 100% 86.2% 29 4 25 
  
Elements used for reclassification: Mg, V, Cr, Ni, As, Se 
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Table 4.2. Reclassification success of discriminant function analysis using earlier 

developmental stages as training sets for later developmental stages for two sites in 2009. 

2009 Reclassification Success (%) 
Training Set N Embryos Zoeae 1 Zoeae 2 Megalopae 
Bodega Harbor 
Embryos 14 100 5.5 6.7 7.1 
Zoeae 1 18 N/A 94.4 60.0 71.4 
Zoeae 2 15 N/A N/A 86.7 54.3 
Megalopae 14 N/A N/A N/A 35.7 
Fort Bragg 
Embryos 14 100 96.7 75.6 86.2 
Zoeae 1 30 N/A 90.0 46.3 41.4 
Zoeae 2 40 N/A N/A 78.1 41.4 
Megalopae 29 N/A N/A N/A 89.7 
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Table 4.3. Reclassification success of embryos and megalopae from four sites in 2010 

using quadratic discriminant function analysis. The optimized element suite contained the 

13 elements reported in the bottom row. 

2010 Reclassification Success Megalopae 

Site Embryos Megalopae Total Assigned 
to Site 

Correctly 
classified 

Bodega Head 80.0% 3.5% 29 3 1 
Shell Beach 76.9% 0% 13 0 0 
Fort Bragg 100% 65.0% 20 46 13 
Kibesillah 73.3% 47.6% 21 34 10 
  
Elements used for reclassification: Mg, Al, Cl, Cr, Ni, Zn, As, Se, Br, Rb, Sr, Mo, Ag 
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Figure Legends 

Figure 4.1. Map of collection sites in northern California. Crabs and seawater were 

collected from Fort Bragg and Bodega Harbor in 2009 and from Kibesillah, Fort Bragg, 

Shell Beach, and Bodega Head in 2010. 

 

Figure 4.2. Reclassification success of embryos (top panel) and megalopae (bottom 

panel) from four sites in 2010 using linear discriminant function analysis and the same 

stage as a training set. Average reclassification success to site of origin for embryos was 

81.4%, ranging from 100% correct (Fort Bragg) to 73.3% correct (Kibesillah), based on 

an optimized suite of 13 elements. Megalopae had an average reclassification success of 

51.8%, ranging from 62.1% correct (Bodega Head) to 33.3% correct (Shell Beach). 

Ellipses represent 95% confidence intervals. 

 

Figure 4.3. The average proportional score for each element in the optimized suite of 

elements for Bodega Harbor (BH) and Fort Bragg (FB) in 2009. Center lines of box plots 

represent the median value, rectangles encompass the second and third quartiles, and 

whiskers extend to the values within the inner fences. Asterisks and open circles denote 

outliers and extreme outliers, respectively. Proportional scores do not sum to one because 

not all elements were part of the optimized element suite. 

 

Figure 4.4. The average proportional score for each element in the optimized suite of 

elements for four sites arranged from south (1) to north (4) in 2010. See Figure 4.3 for a 

description of box plot symbols. 
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