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The goal of this dissertation is to provide a better understanding of the intraspecific 

variability in morphology and swimming behavior, as well as some of the implications of 

such variation, in early stage Callinectes sapidus zoeae. A long-standing body of work has 

demonstrated that zoeal morphology is not constant, and morphological features can have 

an important role in survival and behavior. Additionally, given the presence in brood-

dependent morphology in other species and the susceptibility of blue crab life history to 

generate maternal effects, the presence and magnitude of differences among larval broods 

should be addressed. In the second chapter, variation in C. sapidus zoeal morphology 

among several larval broods was identified, and used to test whether brood-dependent 

morphology is present. This experiment involved hatching several broods, making 

measurements using microscope photography, and image analysis. Simple models of 

swimming-induced drag and passive sinking velocity were used to create an index of 

vertical swimming efficiency. Results discussed in Chapter 2 demonstrate that morphology 

can vary significantly between broods, and these differences can translate to differing 
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swimming efficiency. In the third chapter, larvae from the same broods described in 

Chapter 2 were followed further into development to investigate how brood-level 

morphological differences change over development. By the time of their second molt, 

broods of zoeae retain most differences in morphological size and shape, but shape 

difference decrease. These results suggest that over time, brood effects can persist, but 

there is a detectible morphological convergence, and differences in swimming efficiency 

are still present. Chapter four tested whether the brood-dependent morphology discussed 

in the prior chapters translated to similar differences in swimming behavior. Using 

mesocosm video observations, significant differences in the swimming velocity, 

orientation, and path straightness of larval broods was confirmed. Despite these 

differences, distinct modes of behavior that were conserved across broods were observed. 

These represent differences in swimming behavior within broods either between 

individuals or over time. In the fifth chapter, simulations were used to test whether the 

observed brood-dependent behavior and morphology can translate to differences in larval 

transport. A simplified model of a wind-driven estuarine plume with a sheared current was 

used, along with observed brood-depending swimming and sinking behaviors, to model 

larval transport. Model results showed brood-dependent and behaviorally-driven larval 

transport, where faster-swimming broods of larvae are more able to counter wind-driven 

vertical mixing and stay in surface waters. Likewise, the type of depth-regulation zoeae 

use can influence how they are transported. Overall, this dissertation finds that 

morphological and behavioral traits can differ substantially between larval broods. These 

results suggest that there may be differential success of larvae from different broods. I 

recommend that future work could focus on identifying maternal or environmental 
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predictors of larval condition. Additionally, future models of C. sapidus larval dispersal 

should incorporate observed behavior and its variability.  
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Chapter 1: Introduction 

1.1 Blue Crab Early Life History 

1.1.1 Reproduction and Egg Development 

Blue crabs Callinectes sapidus inhabit coastal and estuarine waters from the mid-

Atlantic, USA to the Gulf of Mexico, to Brazil (McMillen-Jackson and Bert 2004). 

However, unless stated otherwise, this dissertation will primarily focus on populations in 

the mid-Atlantic coast, particularly within the Delaware Bay and Chesapeake Bay estuarine 

system. Here, adult blue crabs mainly live within brackish estuarine waters and are more 

rarely found offshore. Adult male crabs seek out and guard females just prior to their 

terminal molt, during the summer (van Engel 1958). Once molted, the male deposit 

spermatophores into the soft female, where they are stored until egg generation begins 

(Jivoff et al. 2007). Females will only mate once over their lifetimes, and any subsequent 

clutches will be fertilized from the stored spermatophores. The majority of females only 

mate with one male, though up to 12% have been observed to mate with multiple males 

(Jivoff et al. 2007). Once mating is complete, females will then migrate towards the mouth 

of their estuaries and bury themselves in the sediment to overwinter (van Engel 1958).  

When emerging the following spring, females begin to develop their egg mass (or 

brood). Eggs are extruded from the female, inseminated on the way, and deposited along 

hair-like filaments which are attached to swimmerets beneath the abdomen. These young 

eggs are orange in appearance, as they are mostly yolk at this stage. As the embryos develop 

and the tissues differentiate, eggs begin to darken towards brown. Once near full-

development, eggs are visually black, and large eye-spots are visible under magnification. 
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Within 24-48 hours of hatching, embryos show signs of movement, and a heart-beat can 

be seen. The length of egg development varies from 12-17 days and is dependent on 

temperature, where warmer temperatures accelerate development (Costlow and Bookhout 

1959). Temperatures from 26-30 ºC provide reliable hatching rates (Millikin 1978). Low 

salinities can cause premature hatching and deformation in larvae, so laboratory 

experiments typically culture eggs at 30 ppt. During egg development, eggs can become 

unviable due to infections of a fungus Lagenidium Callinectes (Umphlett and Mccray 

1975) and a nemertean Carcinonemertes carcinophila (Millikin 1978), both of which often 

come along with the adult female.  

1.1.2 Larval Development and Culture 

Blue crab larvae (zoeae) develop through discrete molt stages with distinct 

morphological changes. A thorough summary of all larval stages can be found in Costlow 

and Bookhout’s study (1959), which was one of the first to complete larval development 

for blue crabs in the laboratory and provides a good characterization of each stage. Zoeae 

generally go through 8 molt stages before metamorphosis into megalopae.  Each stage can 

be identified using particular morphological characteristics, usually by the setation on 

appendages or the presence of new appendages (Table 1-1). However, molt stages exhibit 

substantial morphological variability, with some  morphologies being combinations of two 

traditional stages or some intermediate (Costlow 1965).  Such variation can make proper 

identification of zoeal stages in wild sampling particularly difficult. 

While larval development is typically characterized as lasting 30 days, it can vary 

considerably depending on rearing conditions. While Costlow and Bookhout (1959) found 

zoeae metamorphosing to megalopae in around 45 days, a more recent study by Zmora et 
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al. (2005) found a substantially abbreviated development, with metamorphosis around 26 

days (Figure 1-1). The large difference between both of these laboratory studies was likely 

due to advancements in rearing methods, nutrition, as well as environmental conditions. 

Blue crab larvae are cannibalistic in laboratory cultures (Millikin 1978), which is common 

among other species’ zoeae (Anger 2001). However, high density cultures can still reach 

metamorphosis by maintaining good water quality and proper nutrition (Zmora et al. 2005).  

Not much is known about the prey of wild populations of C. sapidus zoeae. Early 

culture studies attempted to identify cost-effective food sources that could sustain zoeal 

development, but diets on a single species were unlikely to bring zoeae through 

metamorphosis, with the exception of Artemia and Hydroides larvae (Sulkin 1975b). The 

most successful large-scale cultures (~40 % survival to megalopae) use a tiered diet, with 

the gradual addition of new prey species (Rotifers, Artemia nauplii, and copepods) as zoeae 

develop (Zmora et al. 2005). However, this feeding regimen requires the culturing of 

additional live animals, increasing the complexity of the overall process. 
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Figure 1-1 Development time for each larval stage and megalopae as documented 

by Costlow & Bookhout (1959; black line) and Zmora et al. (2005; red line). Error 

bars represent one standard error. 

 

Larval development is also sensitive to environmental conditions. Eggs that 

develop in low salinity may prematurely hatch into pre-zoeae (Sandoz et al. 1944). Pre-

zoeae are an under-developed larvae, and while morphologically distinct from first stage 

zoeae, they will not molt into one. Optimal salinity for larval rearing is from 26-30 ppt 

(Millikin 1978), with an optimal temperature of 22-25 ºC (Sulkin and Epifanio 1975; 

Zmora et al. 2005). Zoeae reared in warmer or lower salinity conditions do not often reach 

metamorphosis (Costlow and Bookhout 1959).  
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Table 1-1: Summary of staging criteria from Costlow & Bookhout, 1959. Numbers 

refer to the setation on each appendage from interior to exterior, except for th e 

telson column, which refers to the number of spines.  

 

Stage Maxillule Maxilla 1st 

Setae 

2nd 

Setae 

1st 

maxilliped 

2nd 

maxilliped 

Misc. 

Z1 6,5,6 6,8,6,5 4 4 2,2,0,2,5 1,1,4 Eyes Unstalked 

Z2 7,7,6,1 6,8,6,7 6 6 2,2,1,2,5 1,1,5 Eyes Stalked 

Z3 7,8,6,1 7,9,6,12 8 8 2,2,1,2,6 1,1,5 6th abdominal segment 

Z4 8,11,6,1 7,10,6,1

5 

9 9 2,2,1,2,6 1,1,5 Segmented antenna, 

setae on cephalothorax 

Z5 8,11,6,1 8,10,6,2

0 

9 11 2,2,1,2,6 1,1,5 Budding of antenna 

Z6 9,11,6,1 8,13,6,2

5 

11 12 2,2,1,2,6 1,1,5 Pleopod buds 

Z7 9,17,6,1 10,14,6,

29 

14 13 2,2,1,2,6 1,1,5 Longer antenna bud, 

chelae formed 

Z8 15,21,7,2 10,15,6,

36 

12 14 2,2,1,2,6 1,1,5 Chelae, hairy periopods, 

segmented antenna, 1st 

maxilliped has new 

epipodite 
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1.1.3 Larval Dispersal 

Zoeae typically hatch near high tide (López-Duarte and Tankersley 2007) and 

immediately swim towards the surface. Females’ position near the mouths of estuaries 

allows larvae to be exported within surface waters during ebb tides once at the surface. 

Field sampling has observed C. sapidus zoeae of all stages to primarily inhabit the neuston 

(Smyth 1980; Provenzano 1983; Epifanio 1995). Provenzano (1983) sampled for zoeae 

near the mouth of Chesapeake Bay and found that a majority of zoeae were found in the 

neuston, but nearly 40% were observed within the top 12m. In comparison, more offshore 

surveys by Epifanio (1995) and Smyth (1980) find a much larger proportion of larvae 

within the neuston. Since zoeae are negatively buoyant, they must utilize active swimming 

to achieve this vertical distribution.  

Once exported from the estuary, zoeae in the mid-Atlantic are thought to be 

dispersed in one of two pathways. The first has some retained by these coastal “null zones”, 

regions of dampened coastal currents just north of mid-Atlantic estuaries (Tilburg et al. 

2007).  These null zones are part of an inshore buoyancy-driven current system, where less 

dense estuarine waters are driven southward in a relatively narrow (~20 km) band (Garvine 

1991). These currents are greatest near the mouths of estuaries but can remain intact for 

over 100 km, but they are eventually halted by fronts created by adjacent estuarine systems 

(Yankovsky et al. 2000). In the second pathway, zoeae are exported from the estuary via 

the along shore current, potentially recruiting to estuaries further south (Epifanio 1995). 

However, seasonal changes in wind direction can result in Ekman transport offshore, where 

an offshore counter-current caries them northward (Epifanio and Garvine 2001). This 

northward transport has been shown in dispersal simulations to enable return to the vicinity 
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of zoeae’s parental estuary (Johnson 1985; Garvine et al. 1997). Whether retained in these 

“null zones” or advected by coastal currents, eventual intrusion into estuaries is thought to 

be due to Ekman transport inshore during downwelling circulation (Epifanio and Garvine 

2001).  

1.2 Blue Crab Larval Morphology  

Morphology can play an important function role in many aspects of larval 

development, including swimming, sinking, feeding, anti-predator defenses, and 

hydrodynamics. Though zoeae undergo considerable morphological change throughout 

their development, this section will focus primarily on that of first stage zoeae, as this stage 

was the focus of most of this dissertation.  

C. sapidus zoeae have prominent dorsal spine and rostrum. These spines are of 

intermediate size across taxa, while not being as large as those of the mud crabs 

Rhitrophanopeus spp. (Sandifer 1972) but substantially larger than that of the pea crabs 

Dissodactylus spp.(Pohle and Telford 1981). These carapace spines can act as 

antipredatory defenses against larval fish (Morgan 1987; Bollache et al. 2006) and other 

planktivorous invertebrates (Morgan 1992), where zoeae with longer spines show 

decreased rates of ingestion by predators (Morgan 1987). Ingestion of prey in larval fish is 

often limited by their own mouth gape diameter, and the addition of carapace spines can 

make the apparent size of a zoeae to a fish larvae much larger than its main body. A second 

method of defense is a physical one, where spines can pierce predators internally once 

ingested (Morgan 1987). 
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In addition to their anti-predatory function, zoeal carapace spines can also influence 

the hydrodynamics of zoeae in motion. C. sapidus zoeae typically swim in the direction of 

their dorsal spine (i.e. “backwards”), with the dorsal spine oriented about 30º from the 

vertical plane (Sulkin 1984b). In porcelain crab zoeae, carapace spines have been 

demonstrated to aid in swimming speed and orientation (Smith and Jensen 2015), and 

presumably have similar functionality for C. sapidus zoeae, despite substantial 

morphological differences. When zoeae passively sink they are oriented with the anterior 

of their carapace facing downward (Figure 1-2), such that spines are oriented horizontally. 

In this orientation, spines can increase the cross-sectional area of the zoeae, increase drag, 

and decrease passive sinking velocities. 

 

Figure 1-2: Orientation of zoeae in upward swimming (A) and passive sinking 

(B) orientations.  

 

Zoeae swim by either oscillations of their maxillipeds or by abdominal contractions 

(Chia et al. 1984). In the former case, zoeae beat their maxillipeds, generating thrust on 

their power stroke proportional to the cross-sectional area of the fanned setae attached. 

During their recovery stroke, the setae are held together, decreasing their cross-sectional 
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area and reducing their retrograde motion (Ford et al. 2005; Velazquez 2016). The thrust 

they are able to produce by these motions is dependent on both the angular velocity and 

morphology of these appendages. In the latter method, zoeae rapidly contract or straighten 

their abdomens, resulting in burst of speed that can vary in direction (Chia et al. 1984). 

Again, the thrust produced by the abdomen should be proportional to the morphology and 

speed of contraction.  

Lastly, the overall morphological characteristics of a zoea can influence its 

hydrodynamic properties, particularly in the form of drag and Reynolds number (Re). A 

general equation for the drag force (FD) is: 

 
𝐹𝐷 =  

1

2
𝜌𝐴𝐶𝑑𝑈2 (1.1) 

Where ρ is the density of the fluid, A is the cross-sectional area in the direction of 

motion, Cd is a drag coefficient, and U is the velocity of the object. Due to the change in 

orientation of zoeae while swimming and sinking, for C. sapidus zoeae, A would be the 

dorsal cross-sectional area while swimming and the anterior cross-sectional area while 

sinking. This means that while drag will generally increase for larger zoeae, changes in 

body shape (i.e. morphology) can increase drag even when overall apparent size or volume 

stays constant.  

Additionally, Cd is often parameterized as inversely proportional to Re, where Re 

takes the form: 

 
𝑅𝑒 =

𝑙𝑈

𝜈
 (1.2) 
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Where l is the object’s characteristic length and ν is the dynamic viscosity of the 

fluid. For a zoeae, there is no standard measurement of l, but the straight-line distance 

between ends of the carapace spines (rostro-dorsal length, RDL) or the carapace diameter 

are reasonable characterizations of size. Given the same velocity, larger zoeae have a 

proportionally larger Re, and thus a smaller Cd. Together this produces a tradeoff between 

larger A and smaller Re for larger zoeae, where changes in shape can determine the ultimate 

effect on FD. The amount of drag a zoeae experiences is mainly important from an energetic 

standpoint. Two zoeae with the same propulsive capability but with different body 

morphologies will ultimately experience different energetic costs for swimming. As C. 

sapidus zoeae must constantly swim throughout development, these energetic differences 

have the potential to influence the overall energetic budgets of larvae over development.  

In addition to its influence on drag, a zoeae’s Reynolds number can have profound 

influence on its general hydrodynamic qualities. Re represents the balance between viscous 

and inertial forces acting on an object in a fluid, where a Re>1 signifies dominant inertial 

forces and Re<1 dominant viscous forces. C. sapidus zoeae exist at an intermediate Re 

such that their hydrodynamic properties are equally relevant. For instance, organisms with 

a very low Re (≪1) move in nearly laminar flow conditions where friction due to viscosity 

is very high. The lack of inertia means that if the organism were to attempt to swim using 

purely symmetrical appendage oscillations, they would produce nearly identical thrust 

during a forward and return stroke and not make substantial forward motion. For C. sapidus 

zoeae, this problem is not as severe, but the morphological and angular velocity changes 

in appendages during power and recover strokes results in a net forward thrust over the 

course of the entire movement. In spite of this, significant backward motion is produced 
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on the recovery stroke, decreasing the efficiency of strokes compared to organisms at a 

higher Re. Zoeae that are larger, or are shaped such that their Re is larger (e.g. a more 

streamlined shape), in such a way that doesn’t significantly increase drag, can potentially 

achieve a higher mechanical efficiency while swimming.  

1.3 Larval Behavior 

1.3.1 Swimming and Sinking 

Though a full analysis of swimming mechanics has not been performed, kinematics 

of green crab (Carcinus maenas) has been thoroughly studied (Ford et al. 2005; Velazquez 

2016).  Directed swimming in zoeae is most commonly achieved by the semi-synchronous 

oscillations of maxillipeds (i.e. cruise swimming). Maxilliped oscillations of zoeae can be 

divided into a power and recovery stroke. On the power stroke, natatory setae on the ends 

of maxillipeds are fanned, and on the recovery stroke, they are closer together (Velazquez 

2016). These oscillations are rapid, and for C. maenas have a mean frequency of 2.5 Hz 

(Velazquez 2016). Each set of maxillipeds oscillate in unison, with a slight lag in the rear 

pair (Ford et al. 2005). As discussed in Section 2, the intermediate Re of zoeae results in 

negligible inertia and retrograde motion on the recovery stroke. Regardless, the lag in the 

second pair’s oscillations can mitigate this effect and enable net forward motion (Ford et 

al. 2005). When generating thrust via abdominal contractions, zoeae curl their abdomens 

inward, reducing loss of velocity during recovery strokes (Velazquez 2016).  

For C. sapidus zoeae, swimming velocity generally increases over development 

(Table 1-2; Sulkin et al. 1980), thus outpacing an increase in drag due to growth. As they 

develop, zoeae can offset this increase in drag with larger maxillipeds, more setae, and the 
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addition of a third set of maxillipeds for later stages (Costlow and Bookhout 1959). 

Increases in size for later stages also translate to an increase in sinking velocity (Sulkin et 

al. 1980), which scales with the volume of particles (Vogel 1994).  

Table 1-2: Swimming and sinking velocities of C. sapidus zoeae (based on Sulkin 

et al., 1980) 

Stage 
Swimming Velocity 

(cm/s) 

Sinking Velocity 

(cm/s) 

1 0.41 0.343 

4 1.265 0.463 

7 1.885 1.073 

  

1.3.2 Responses to Environment 

The swimming behavior of C. sapidus zoeae is well documented, and a thorough 

review is provided by Epifanio and Cohen (2016). Zoeae exhibit negative geotaxis 

throughout their larval development, and combined with negative buoyancy, zoeae 

generally swim upward in the absence of other external cues (Sulkin et al. 1980). 

Barokinetic responses are not as ubiquitous, whereby upward swimming velocity is 

positively correlated with pressure (i.e. depth) and mid and late stage zoeae have a 

depressed swimming with depth (Sulkin et al. 1980). Early stage zoeae exhibit a higher 

response to lower temperature and high salinity than more developed larvae (Sulkin et al. 

1980). Together, experiments by Sulkin et al. (1980), imply a surface position of first stage 

larvae and a deeper depth distribution as zoeae develop. However, this is not necessarily 

confirmed by observations (Epifanio 1995). There is no evidence of blue crab zoeae 

demonstrating ontogenetic vertical migrations (Epifanio 1995). They also do not exhibit 

any endogenous swimming behavior, thus their vertical position is independent of tidal 

cycles  (López-Duarte and Tankersley 2007). 
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The response of C. sapidus zoeae to light is less consistent across experiments. 

Early work by Sulkin et al. (1980) found that zoeae exhibit positive phototaxis throughout 

development at 75 W m-2 and wavelength of 500 nm. However, the non-diffuse (i.e. 

collimated) light that was used has been shown to alter phototactic responses on other 

species (Forward et al. 1984). In fact, at much lower light intensities (10-1 to 10-7 W m-2) 

and with a natural light field, first stage zoeae generally exhibit negative phototaxis 

(Forward and Buswell 1989). As a comparison, full sunlight is on the order of 103 W m-2. 

It is unclear how changes in phototaxis are attributable to light intensity or the angular 

distribution of light. Additionally, zoeae response can be dependent on light wavelength, 

which is confounded by light absorption and scattering with depth (Epifanio and Cohen 

2016). 

1.3 Maternal Influence and Trait Variation 

1.4.1 Maternal Effects 

Maternal effects typically refer to genetic and non-genetic influence mothers have 

on their offspring. Non-genetic effects in marine organism typically take the form of 

prenatal care and environmental conditions, nutrient provisioning, or spawning or hatching 

habitat. An important influence mothers can have on their offspring comes in the form of 

size (i.e. larger eggs). For larvae of non-feeding invertebrates, nutrients provided in eggs 

are the only source of energy prior to settlement, and thus, egg size can influence larval 

duration and dispersal potential (Marshall and Keough 2003). Nutrient provisioning in the 

form of egg size can also influence settlement behavior and gregariousness (Toonen and 
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Pawlik 1994). However, for planktotrophic larvae, maternal influences on offspring size 

are still possible (Marshall and Keough 2007). 

Blue crab reproductive behavior can facilitate the presence of maternal effects. 

Since adult females only mate once (van Engel 1958), typically all offspring within a brood 

are siblings from the same mother and father. This differs from other taxa, such as 

broadcast spawners, in that the mother is known for all offspring within a brood. 

Additionally, once the egg mass is extruded, females regularly care for eggs, providing a 

mechanism for maternal behavior to influence egg quality (van Engel 1958). Up to 7 broods 

can be produced by a female, and while there are generally few changes in egg quality and 

larval size, successful development of embryos decreases for later broods (Darnell et al. 

2009). Lastly, females migrate prior to hatching and release of eggs, which enables 

environmental influence on egg development (Carr et al. 2004; Darnell et al. 2012).   

Maternal size has been shown to be a predictor of offspring size in several decapod 

crustaceans, including anomurans (Sato and Suzuki 2010b) and caridieans (González-

Ortegón and Giménez 2014). Furthermore, a positive correlation between fecundity and 

larval size has been documented in carideans (Walsh 1993) and grapsoid crabs (Bas et al. 

2007). Egg size can be related to size of zoeae in brachyrans (Bas et al. 2007), and larger 

zoeae upon hatching can translate to increased sizes of further life stages (Gimenez et al. 

2004). However, for C. sapidus observations suggest that there is not a relationship with 

maternal size or fecundity and larval size (Darnell et al. 2009; Koopman and Siders 2013). 

However, as discussed in previously, there are other traits besides overall size than can 

influence larval survival and success.  
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1.4.2 Intraspecific Variation 

Intraspecific variation can sometimes be an adaptive trait on its own. In some cases, 

trait variation can allow for offspring success in spite of variable or uncertain environments 

(Gotthard and Nylin 1995). In general, morphological traits can depend on a suite of 

genetic, environmental, and stochastic processes (Monteiro et al. 2000). Recent 

understanding suggests that intraspecific variation can influence a wide range of ecological 

processes, including population dynamics and competitive interactions (Bolnick et al. 

2011). Morphological variation has been used to identify subpopulations in carideans 

(Terossi and Mantelatto 2012), as well as a developmental response of morphology to 

temperature in brachyurans (Shirley et al. 1987). However, to my knowledge, only one 

study has investigated the morphological variability as it pertains to maternal influences 

(Tamura et al. 2017). 

Maternal influences are not the only causes of intraspecific morphological 

variation, and a wide range of ecological and environmental factors can influence 

morphology. Salinity has been shown to influence broad morphometrics in the Chinese 

mitten crab (Eriocheir sinensis), where, as salinity decreased, the ratio of spine length to 

carapace length decreased (Anger 2003). This effect may be an adaptive response, as lower 

salinity, more estuarine waters are more likely to contain zooplankton predators, and 

increased spine lengths may deter predation. Temperature has been shown to influence 

larval morphology in Portunus tribuberculatus (Dan et al. 2013) and Cancer magister 

(Shirley et al. 1987). In both studies, lower temperature results in larger larvae. It is 

hypothesized that lower temperatures can increase development time, which may be offset 

by the increased survival created by more pronounced spines (Shirley et al. 1987). Overall, 
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it is clear that zoeal morphology is plastic, and due to the functionality of morphological 

features. Better characterization of intra-specific variation is needed to understand 

processes affecting zoeae over development.  

1.4 Outline of Dissertation 

The goal of this dissertation is to provide a better understanding of the intraspecific 

variability in morphology and swimming behavior, as well as some of the implications of 

such variation, in early stage Callinectes sapidus zoeae. In Chapter 2, variation in C. 

sapidus zoeal morphology among several larval broods was identified and used to test 

whether brood-dependent morphology is present. This experiment involved hatching 

several broods, measuring morphometrics using microscope photography and image 

analysis. Simple models of swimming-induced drag and passive sinking velocity were also 

used to create an index of vertical swimming efficiency. In Chapter 3, larvae from the same 

broods described in Chapter 2 are followed further into development to investigate how 

brood-level morphological differences change over time. Chapter 4 tested whether the 

brood-dependent morphology discussed in the prior chapters translated to similar 

differences in swimming behavior. Using mesocosm video observations, I aimed to 

characterize swimming velocity, orientation, and path shape both general and within 

individual broods. I also used mixture models to identify modes of behavior. In Chapter 5, 

simulations were used to test whether the observed brood-dependent behavior and 

morphology can translate to differences in larval transport. An idealized model of a wind-

driven estuarine plume that utilizes observed brood-depending swimming and sinking 

behaviors was developed for this purpose. Several model scenarios were used to determine 
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how physical and behavioral factors can influence transport. Additional analyses aimed to 

determine how differences in brood behavior alters transport trajectories. 
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Chapter 2: Morphological Variability among Broods of First 

Stage Blue Crab (Callinectes sapidus) Zoeae 

This chapter appears in its entirety in The Biological Bulletin 235 (2018): 123-133. 

DOI: https://doi.org/10.1086/699922 

Abstract 

External morphology has been shown to influence predation and locomotion of 

decapod larvae, and is therefore directly related to their ability to survive and disperse. The 

first goal of this study was to characterize first stage blue crab zoeal morphology and its 

variability across larval broods to test whether inter-brood differences in morphology exist. 

The second was to identify possible correlations between maternal characteristics and zoeal 

morphology. The offspring of 21 individuals were hatched in the laboratory, photographed, 

and measured. Zoeae exhibited substantial variability, with all metrics showing significant 

inter-brood differences. The greatest variability was seen in the zoeal abdomen, rostrum, 

and dorsal spine length. A principal component analysis, showed no distinct clustering of 

broods with variation driven by generally larger zoeae. Using observed morphology, 

models of drag induced by swimming and sinking also showed significant inter-brood 

differences with a maximum two-fold difference across broods. In contrast to trends in 

other decapod taxa, maternal characteristics (female carapace width and mass and egg 

sponge volume and mass) are not significant predictors of zoeal morphology. These results 

suggest that brood effects are present across a wide range of morphological characteristics 

and that future experiments involving C. sapidus morphology or its functionality should 

explicitly account for inter-brood variation. Additionally, inter-brood morphological 

https://doi.org/10.1086/699922
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differences may result in differential predation mortality and locomotory abilities among 

broods.   

2.1 Introduction 

Blue crabs (Callinectes sapidus) support economically valuable and culturally 

significant recreational and commercial fisheries in the mid-Atlantic (Rhodes et al. 2001; 

Paolisso 2007). They are also an important benthic predator and prey in estuarine 

ecosystems (Millikin and Williams 1984). Historically, adult blue crab population 

abundance in Delaware Bay and Chesapeake Bay has been volatile (van Engel 1958; Stagg 

and Whilden 1997), with variation in adult abundance mirrored by juvenile abundance 

indices (Wong 2010). One potential explanation for highly variable  inter-annual adult 

abundance is changes in larval supply (Johnson and Hess 1990a; Epifanio 1995; Ogburn 

et al. 2012). Variability in annual larval supply may be the result of declines in the 

spawning stock (Lipcius and Stockhausen 2002), sperm limitation (Hines et al. 2003), 

larval predation (Morgan 1992), inter-annual changes in coastal currents (Tilburg et al. 

2005; Ogburn et al. 2012), or other complex interactions blue crab larvae have with the 

environment during development. 

Zoeae, the pelagic larval phase of blue crabs, develop in surface waters over the 

continental shelf from the Mid-Atlantic through the Gulf of Mexico (Epifanio 1988). 

During their 30 to 40 day development (Costlow and Bookhout 1959), zoea actively feed 

(Sulkin 1975; McConaugha 1992), constantly swim to counteract passive sinking (Sulkin 

et al. 1980; Sulkin 1984), and grow to a size at which they can metamorphose into 

megalopae. Megalopae then re-enter an estuary and metamorphose again into juvenile blue 
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crabs (van Engel 1958). Identifying factors that improve a zoea’s chances of survival and 

successful dispersal may lead to better understanding of annual variability in larval supply.  

Morphological characteristics of zoeae directly relate to their ability to survive and 

disperse successfully. Carapace spines have been shown to stabilize and orient zoeae while 

swimming (Smith and Jensen 2015), and longer spines provide anti-predatory defenses 

against larval fish (Bollache et al. 2006) and reduce predation of zoeae (Morgan 1987, 

1992). Zoeae rapidly beat their maxillipeds to swim and generate feeding currents (Foxon 

1934), and efficient locomotion relates to the size and cross-sectional area of maxillipeds 

and attached setae (Chia et al. 1984). Zoeae rapidly contract their abdomens to escape 

predators (Foxon 1934), generating thrust proportional to the dimensions of the abdomen. 

A zoea’s cross-sectional area and overall size are proportional to the drag force experienced 

while sinking and swimming (Chia et al. 1984). Lastly, higher drag can cause zoeae to sink 

slower and require zoeae to use more energy to swim at a given velocity.  

Intraspecific morphological variability can be caused by a number of genetic, 

environmental, or stochastic processes (Monteiro et al. 2000). Variability in morphological 

traits can also be, in and of itself, an evolutionary adaptation, enabling some individuals to 

survive in variable environments (Gotthard and Nylin 1995). Variation in zoeal 

morphology may result in differential predation, energetic costs, behavior, and dispersal 

across groups of zoeae. Kelp crab (Pugettia quadridens) zoeae show significant 

morphological variability both within and between broods (Tamura et al. 2017). Blue crab 

zoeae likely also demonstrate some degree of morphological variability both within 

populations and between broods, and variability in the characteristics of molt stages has 
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been observed in C. sapidus (Costlow 1965). However, there has yet to be a quantitative 

characterization of those differences.   

Variation in decapod larval morphology may be related to maternal effects. 

Substantial maternal effects have been observed in the caridean Sclerocrangon boreas 

(Guay et al. 2011). Maternal effects on larval morphology have also been seen in some 

anomurans (Sato and Suzuki 2010) although other species have shown no such relationship 

(Swiney et al., 2013). Morphological variability has been observed in Cancer magister as 

the result of brooding temperature, not necessarily maternal effects (Shirley et al. 1987). 

To our knowledge this study is one of the first to investigate relationship between maternal 

and larval characteristics in brachyurans and specifically in C. sapidus. If such a 

relationship exists for blue crabs, those maternal characteristics could be useful predictors 

of offspring characteristics. Although no significant relationship between carapace width 

in mothers and zoeae has been seen in C. sapidus (Darnell et al. 2009), we are unaware of 

a study that has addressed these maternal covariates’ relationship to an array of 

morphological characteristics for blue crab larvae. Maternal characteristics, specifically 

related to size and fecundity, are more easily measured during existing population surveys 

than zoeal morphology. Thus, identifying maternal characteristics that could act as 

predictors of larval features that relate to locomotion and feeding could provide a means 

for estimating zoeal population’s dispersal ability.  

The first objective of this study was to characterize first stage blue crab zoeal 

morphology and its variability across larval broods to test whether inter-brood differences 

in morphology exist. The second objective was to identify possible correlations between 

maternal characteristics and zoeal morphology. Morphology is important to C. sapidus 
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early larval survival and dispersal; therefore, understanding the morphological variability 

may help identify sources of differential success in zoeae. Identifying inter-brood 

differences in morphology may further our understanding of fitness differences among 

offspring from different parents. Further, identifying maternal predictors of zoeal 

morphology could help approximate larval condition from surveys of adult crabs.  

2.2 Methods 

2.2.1 Animal Collection and Maternal Characteristics 

To characterize the morphology of first stage blue crab zoeae, 21 gravid adult 

female blue crabs were captured via trawling in the summers of 2016 and 2017 in the down-

bay portion of Delaware Bay (n=6 in 2016, n=15 in 2017). Crabs were captured 

opportunistically as part of existing Delaware Bay trawl survey programs, and as such, 

crabs were caught with an irregular seasonal distribution. Crabs were caught between June 

and August in 2016, with the majority caught in June (4 of 6). In 2017, crabs were caught 

from May through August, with the majority also in June (12 of 15). It was assumed that 

crabs in this region were representative of the bay-wide adult population, as adult females 

migrate toward the mouth of the estuary prior to spawning (van Engel 1958; Darnell et al. 

2010). Crabs were kept individually in 30 L plastic tanks in filtered seawater at 25-28 ºC 

and a salinity of 30. Crabs were fed ad libitum on thawed shucked scallop meat for 6 hours 

2-3 times a week; any leftover food was removed. The developmental stage of each crabs 

eggs was noted upon arrival to the laboratory. One third of the broods arrived with dark, 

developed eggs in both years, with a mean laboratory duration before spawning of 3.6 ± 

0.5 days for orange eggs and 8.2 ± 0.9 SE days for brown eggs. Once egg eye spots 
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developed (van Engel 1958) female crabs were no longer fed in order to prevent 

contamination of eggs and zoeae upon hatching. 

(VE) was estimated using measured egg sponge dimensions (Table 2-1) by 

assuming sponges were ellipsoidal. Eggs remained attached to mothers and were visually 

monitored daily for color changes (Millikin 1978).  When eggs visually darken, zoeal body 

structures are developed and eggs are 1 to 3 days from hatching (Van Engel 1958). Crab 

post-spawning weight (MC) was measured once spawning was complete. The wet weight 

of crabs before and after spawning was taken, and the difference in weight (pre- minus 

post-spawning weight) provided an estimate of the mass of each egg sponge (ME). This 

method of estimating ME may be influenced by changes in adult female body mass as well 

as retained interstitial water prior to spawning. Female crab size (LC and MC) has been 

shown to correlate with fecundity, where larger females produce more offspring (Prager et 

al. 1990), therefore ME and VE are used here as proxies for fecundity.  
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Table 2-1: Summary of equations and abbreviations used for shape metrics and 

estimated characteristics of terminal velocity and drag 

 

Abbreviation Definition Equation Definitions 

VE 

Egg sponge 

Volume 𝑉𝐸 =  𝜋𝑙𝐸𝑤𝐸ℎ𝐸  

lE = Egg sponge length 

wE = Egg sponge width 

hE = Egg sponge height 

AA 

Anterior 

cross-

sectional 

area 

𝐴𝐴 = 𝜋𝐶𝑊 ∗ 𝐶𝐻 

CW = Carapace width 

CH = Carapace height 

AD 

Dorsal cross-

sectional 

area 

𝐴𝐷 = 𝜋𝐶𝐿 ∗ 𝐶𝑊 

CL = Carapace length 

AB 

Abdominal 

cross-

sectional 

area 

𝐴𝐵 = 𝐴𝐿 ∗ 𝐴𝑊 

AL = Abdominal length 

AW = Abdominal width 

VC 
Carapace 

volume 𝑉𝐶 =  
4

3
𝜋𝐶𝐿 ∗ 𝐶𝑊 ∗ 𝐶𝐻 

 

VA 
Abdominal 

volume 𝑉𝐴 =  
1

2
𝐴𝐿 ∗ 𝐴𝐻 ∗ 𝐴𝑊 

AH = Abdominal height 

 

FD 

Swimming 

Drag Force 
𝐹𝐷 =  

1

2
𝜌𝑓𝐶𝐷𝐴𝐷𝑈2 

ρf = Fluid density (1019 

kg/m3;Siedler and Peters 1986) 

CD = Drag coefficient 

U = Zoea swimming velocity 

(0.05 m/s; Sulkin1980) 

FB 

Buoyant 

Force 
𝐹𝐵 = 𝑔(𝑉𝐴 + 𝑉𝐶)(𝜌𝑧 − 𝜌𝑓) 

ρz = zoea density (1089 kg/m3; 

Hamasaki et al. 2013) 

g = Gravitational acceleration 

(9.8 m/s)  

CD 
Drag 

Coefficient 𝐶𝐷 =  
24

𝑅𝑒
+

6

1 + √𝑅𝑒
+ 0.4 

Re = Reynolds Number (White 

1974) 

Re 

Reynolds 

Number 

𝑅𝑒 =  
𝑙 ∗ 𝑈

𝜈
 

 𝜈 = Kinematic viscosity of 

seawater (9.5 x 10-7 m2/s; 

Sharqawy et al. 2011) 

𝑙 = CL in sinking orientation 

and CH in swimming 

orientation 

UT 
Terminal 

Sinking 

Velocity 
𝑈𝑇 = √

2𝑔(𝑉𝐴 + 𝑉𝐶)(𝜌𝑧 − 𝜌𝑓)

𝜌𝑓𝐴𝐴𝐶𝐷
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2.2.2 Sample Collection, Photography, and Image Analysis 

Once eggs were released and zoeae had hatched, spawning tanks were gently mixed 

vertically with a flat plunger, and a 1L subsample was drawn randomly from the surface 

using a small pail. Zoeae in each sample were captured on a 240 μm sieve, then preserved 

in a borate-buffered 70% ethanol solution. When possible, 26 preserved zoea were digitally 

photographed under an Olympus SZX10 Stereo Microscope for morphological 

measurement. For some broods, fewer than 25 larvae were imaged due to damage or loss. 

Each individual zoea was suspended in glycerin which was diluted with ethanol until the 

zoea were neutrally buoyant, allowing zoea to be precisely oriented under the microscope. 

Zoeae were then photographed using an Infinity Lumenera1-3 2Mpx microscope camera 

with oblique back-lighting from at least two perpendicular perspectives; one perspective 

was always from the lateral view (Figure 2-1). Images were calibrated using Infinity 

Analyze 6.5 microscope camera software and a micrometer slide such that a 1000 μm scale 

bar was present in each image. A total of 14 morphological measurements were made on 

each zoea using specific landmarks to define each metric (Figure 2-1, Table 2-2). Prior to 

measurement, each image was calibrated, then all metrics were measured as straight or 

segmented lines using ImageJ (Rasband, 2016; Figure 2-1).  
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Table 2-2: Summary of morphometric abbreviations and definitions. 

 

Metric Name Abbreviation Description Number in 

Figure 2-1 

Carapace length CL Base of rostrum to posterior end of 

carapace 

1 

Carapace width CW Between bases of lateral carapace 

spines; perpendicular to CW 

2 

 

Carapace height CH from base of dorsal spine  to ventral 

end of carapace; perpendicular to 

CL 

3 

Abdomen length AL Anterior base of abdomen to 

midpoint between furca of telson 

4 

Abdomen width AW Average of left to right distance of 

abdomen segments 

5 

Abdomen height AH Average of dorsal to ventral 

distance of abdomen segments 

6 

Rostrum length RL Curved distance from base to tip of 

rostrum 

7 

Dorsal spine 

length 

DL Curved distance from base to tip of 

dorsal spine 

8 

Rostro-dorsal 

length 

RDL Straight distance from tip of 

rostrum to tip of dorsal spine 

9 

First maxilliped 

length 

ML1 Base of first maxilliped to apical 

end of exopods; Average of pair 

10 

Second maxilliped 

length 

ML2 Base of second maxilliped to apical 

end of exopods; Average of pair 

10 

First setae length SL1 Average length of natatory setae of 

first maxilliped 

11 

Second setae 

length 

SL2 Average length of natatory setae of 

second maxilliped 

11 

  



31 

 

 

2.2.3 Derived Metrics 

Additional metrics were derived from measured morphology as either ratios, cross-

sectional areas, or volumes. Ratios included carapace length: carapace width (CL:CW), 

carapace width: carapace height (CW:CH), carapace length: rostro-dorsal length 

(CL:RDL), and carapace length: abdominal length (CL:AL). CL:CW and CW:CH describe 

the shape of the carapace in the swimming and sinking orientations, respectively. CL:RDL 

is a metric used to characterize the relative investment in carapace spines (Anger 2003) 

and relates to the passive sinking velocity of zoeae. CL:AH relates to propulsive capacity 

of the zoeae during abdominal contractions to its overall body size. Assuming an ellipsoidal 

zoeal carapace, cross-sectional areas were estimated for zoeae in both the swimming 

(dorsal) and sinking (anterior) orientations (AD and AA, respectively). A rectangular 

abdominal cross-sectional area (AB) was also calculated for the anterior face of the 

abdomen. An ellipsoidal carapace volume (VC) was estimated, and abdominal volume (VA) 

was estimated by assuming a wedge-shaped abdomen, tapering towards the telson. 

Drag influences the resistive forces zoeae experience while sinking and swimming, 

and was estimated for each zoea based on its morphology and swimming velocity. The 

parameterization used for the drag coefficient (CD) assumes a Reynolds number (Re) 

between 1 and  2x105 for a spherical body (White 1974). Though zoeae are not exactly 

spherical, this provides a good approximation of their shape. The swimming velocity used 

for zoeae was 0.5 cm/s, the mean swimming velocity in experiments with first stage zoea 

(Sulkin 1980).  

Terminal sinking velocity (UT) was also estimated to quantify the effect of 

morphological differences between broods (Table 2-1), by setting buoyant and drag force 
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equations equal to each other and numerically solving for UT. Estimated volumes and 

cross-sectional areas (described above), as well as published estimates of 1089 kg m-3 for 

the density of zoeae (Hamasaki et al. 2013), were used for this calculation.  

 

Figure 2-1: Image of zoea from a side (left) and posterior (right) profile. 

Numbers correspond to metrics described in the following reference table. 

2.2.4 Statistical Analysis 

 All statistical analyses were performed in R (R Core Team 2015). 

Distributions of each metric were calculated by pooling all observed zoeae across all 

broods. A probability density function was then calculated for each metric using a 

bandwidth determined by Sheather and Jones’ criteria (1991). To quantify morphological 

variability in the population of first stage zoeae, the distribution of each metric was first 

tested for normality using the Shapiro-Wilk Test across all larval brood observations. Since 

metrics were not all normally distributed and were on different scales, the standardized 
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median absolute deviation (MAD*) was used, to quantify variability across all metrics, 

where 

 𝑀𝐴𝐷∗ =
𝑚𝑒𝑑𝑖𝑎𝑛| 𝑋𝑖−𝑚𝑒𝑑𝑖𝑎𝑛(𝑋)| 

𝑚𝑒𝑑𝑖𝑎𝑛(𝑋)
  (2.1) 

MAD* relates the median deviation of all observations from the sample median 

and is a nonparametric measure of variability that is independent of scale. MAD* was then 

calculated for each of the measured (Figure 2-1) and derived shape metrics. Bootstrapped 

95% confidence intervals were obtained for each metric’s MAD* by repeatedly sampling 

observations with replacement (n=1000), recalculating MAD*, and calculating the 25th and 

95th percentiles of the bootstrapped MAD*. Metrics with overlapping confidence intervals 

were considered to have similar MAD*. 

 To determine whether morphology differed between broods, a Kruskal-

Wallace (K-W) test was performed for each metric with brood as a factor. Then, pairwise 

K-W comparisons were made using the “kruskal” function in the R package “Agricolae” 

(de Mendiburu 2015), to identify statistically similar groups of broods. This was repeated 

for all of the 14 directly measured metrics.  

 A principal component analysis (PCA) was used on all measured 

morphometric data to identify patterns in brood multivariate morphology. PCAs provide a 

diagnostic tool to investigate overall differences in morphology between groups as well as 

the drivers of variability (Rohlf and Marcus 1993). Any individual zoea with incomplete 

morphological data was removed from the analysis. Total length was also excluded from 

the PCA due to its high correlation with other metrics. 95% data ellipses were calculated 

for each brood using the “DataEllipse” function in the R package “CAR” (Fox and 
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Weisberg 2011). Broods were tested for differences in multivariate morphology using a 

multivariate analysis of variance (MANOVA).  

 A linear regression was used to determine whether mean sinking velocity 

(UT) and swimming drag (FD) of each brood were correlated. A MANOVA was used to 

test for inter-brood differences in zoeal UT and FD.    

 To determine whether maternal characteristics were correlated with zoeal 

morphology, a regression analysis was performed. Linear regressions were performed on 

all combinations of maternal characteristics (n=4) and zoeal morphology (n=14), for a total 

of 56 comparisons. A Bonferroni adjusted alpha of 8.9 x 10-4 (0.05/56) was used, to address 

the high number of related comparisons.  

2.3 Results 

2.3.1 Overall Morphological variability  

All measured zoeae were combined to characterize the distributions of each 

morphometric (Figure 2-2). All metrics but the length of the first maxillipeds (ML1) (S-

W: p=0.32) were non-normally distributed, and metric medians differed up to an order of 

magnitude. abdominal width (AW) and abdominal height (AH) had the narrowest 

distributions, and RDL and AL were the most widely distributed. When standardized by 

each metric’s median, all metrics had similar distributions (K-W: H(12)=6.66, p=0.88).  
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Figure 2-2: Distribution of a variety of morphological measures across all first 

stage zoeae collected in 2016 and 2017. Letters indicate metric distributions. 

Probability density functions were generated using Sheather and Jones criteria 

(1991). 

 

MAD* was used to compare variability between metrics for the pooled 

observations in a way that was independent of scale (Figure 2-3). Across all measured 

metrics, MAD* ranged from 0.07 to 0.12. Though there were groups of metrics with 

statistically similar variability, these groups did not necessarily represent anatomical 

relationships. For example, the group of metrics with the highest amount of variability 

included spine, carapace, and abdominal metrics. The variability characterized by MAD* 

did not always correspond to how widely a metric was distributed. While RDL is the most 

widely distributed metric, in terms of MAD* it has an intermediate variability. The 

variability of the shape metrics (ratios, surface areas, and volumes) across all observations 

was also quantified using MAD* (Figure 2-4). Generally, volumes are the most variable 

(median MAD* = 0.19), cross-sectional areas are intermediately variable (median MAD* 

= 0.16), and ratios are the least variable (median MAD* = 0.08).  
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Figure 2-3: The standardized median absolute deviation (MAD*) was calculated 

for all metrics of all first stage zoea hatched in 2016 and 2017 experiments. Line 

ranges represent bootstrapped 95% confidence intervals. MAD* (standardized 

median absolute deviation) is a non-parametric measure of variation (eq. 2.1). 

2.3.2 Inter-brood Morphological Differences 

Morphology of all metrics differed significantly among broods (K-W, all 

p<<0.001), yet pairwise comparisons show that some broods are statistically similar. The 

distribution of each metric for each brood was examined; however for brevity, only 

distributions for CL and RDL are shown (Figure 2-5). Broods grouped into 7 to 11 

statistically similar groups (pairwise K-W test, p>0.05), depending on the metric tested. 

Though there were statistically different groups of broods for a given metric, brood 

distributions typically fell along a gradient with only some metrics having distinct breaks 

between groups. Inter-brood similarities are not consistent across all metrics. While two 

broods may be similar for one metric, they may differ significantly for another (F25 and 

F26 in Figures 2-5A and 2-5B, for example).  
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In terms of multivariate morphology, broods overlap each other with no discrete 

clustering into groups (Figure 2-6); however, significant differences between broods are 

present (MANOVA: F(15,229) = 5.79, p<<0.01, Wilk’s Λ = 0.016).  The first two principal 

components represent 56% of the variation in the multivariate morphology. The first 

principal component (44% of variation) is driven by an increase in size for all metrics, and 

the second principal component (11% of the variation) is driven predominantly by CH 

(positive) and the first and second maxilliped length (negative).  

 

Figure 2-4: The standardized median absolute deviation (MAD*) was calculated 

for all derived shape and size metrics (ratios, surface  areas, and volume) for all 

first stage zoeae hatched in 2016 and 2017. Line ranges represent bootstrapped 

95% confidence intervals.  
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Figure 2-5: Violin plot of carapace length (A) and rostro-dorsal length (B) for all 

first stage zoeae of each brood from 2017 experiments. Black dots and vertical 

bars show mean and 95% confidence intervals for each brood. Numbers in 

brackets below violins show the number of zoeae measured from each brood. 

Horizontal black bars above show statistically similar groups (Kruskal-Wallace 

(K-W) post-hoc test). Zoeal carapace length (K-W: H(20) = 304.97, p << 0.01) 

and rostro-dorsal length (K-W: H(20) = 26.46, p << 0.01) both significantly 

differed by brood.   
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Figure 2-6: Principal component analysis (PCA) of all first stage zoeal 

morphometrics from 2016 and 2017. Ellipses cover 95% of the data from each 

brood. Radiating lines show the eigenvectors associated with each metric in the 

analysis. The magnitude and direction of these lines show the relative contribution 

of each principal component. 

 

Differences in brood-level zoeal morphology result in differences in estimated UT 

and FD (Figure 2-7). Broods located towards the lower-left corner should have a higher 

swimming efficiency than broods in the upper-right corner. Broods differ significantly for 

both variables (MANOVA: F(19,401) = 22.54, p<<0.01, Wilk’s Λ = 0.23 ). There is a 
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positive brood-level correlation between UT and FD (R2=0.6, n = 20, p=0.006) and a 2-fold 

difference in brood means for both variables.  

 

 

Figure 2-7: Swimming drag (FD) and terminal sinking velocity (UT) were modeled 

for each brood with observed estimated volumes and cross-sectional areas from 

observations. A linear regression shows a positive correlation between brood 

median FD and UT (R2 = 0.60,  = 0.06,  = 3.9 x 107, n = 20, p << 0.01). Points 

represent brood medians and ellipses represent 95% data ellipses. There were 

significant differences among broods (MANOVA: F(19,401) = 22.54, p<<0.01, 

Wilk’s Λ = 0.23). Data represents observations made in 2016 and 2017.   
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2.3.3 Relationship between maternal characteristics and zoeal morphology 

Although four combinations of maternal characteristics and zoeal morphometrics 

appear to be related, regression analysis of all 56 combinations showed no statistically 

significant correlations after Bonferroni alpha corrections (all p > 8.9 x 10-4). Maternal 

characteristics thus did not prove to be significant predictors of zoeal morphology.  

2.4 Discussion 

2.4.1 Overall Morphological variability  

Morphological variability is thought to be a product of genetics, an organism’s 

environment, and stochasticity (Monteiro et al. 2000). The degree of variability in certain 

traits can be the result of evolutionary adaptations or non-adaptive constraints on 

morphology (Gotthard and Nylin 1995). Intraspecific morphological variability has been 

observed in larval C. sapidus (Costlow 1965) and is well-documented in other larval 

decapods (DeBrosse et al. 1990; Thatje and Bacardit 2000; Guay et al. 2011; Tamura et al. 

2017). In this study, spine lengths are some of the more variable one-dimensional metrics. 

Longer carapace spines decrease larval fish predation by increasing apparent size and 

physically damaging predators (Morgan 1987; Bollache et al. 2006). Zoeae of 

Rhithropanopeus harrisii also express differences in spine lengths across broods, and have 

been observed to develop longer spines when exposed to fish kairomones (Charpentier et 

al. 2017). The high variability in C. sapidus spine lengths may indicate either an adaptation 

which allows a brood of zoeae to defend against a range of predators or a stochastic 

response.  Conversely, abdominal height (AH) and width (AW) are more constrained 

metrics, and the narrowness of their distributions and low MAD* may be due to the physics 
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of abdominal contractions. During these contractions, a wider abdomen, though providing 

more surface area, produces proportionally higher drag. AH is proportional to the Reynolds 

number (Re) of the abdomen during contraction. Altering the Re of an abdominal 

contraction could result in unfavorable changes in the fluid flow during contraction. It is 

possible that the low variability in AH and AW is a result of an optimization of the 

mechanics of contraction.  

The shape of body structures also influences their functionality. Zoeal carapace 

shape influences drag while sinking and swimming, by influencing CD. CL:CW and 

CW:CH relate to the shape of the zoea in the sinking and swimming orientations, 

respectively. Though these two ratios express variability, they both have lower MAD* than 

their one-dimensional components. The relatively low variability for these ratios may be 

due to selective pressure for a carapace shape that allows minimization of drag forces while 

in motion (Lagergren et al. 1997; Lord et al. 2006). Drag experienced by zoeae and the 

degree of optimization may thus show variability within the population. The cumulative 

effect of suboptimal drag conditions over the span of larval development could result in an 

increased energy expended to maintain a zoea’s vertical position. A difference in the 

energetic budget of zoeae as a result of altered swimming mechanics could result in 

compromised growth (Lambert 1989; Power 1989), which has been shown to impact later 

life-history stages in other species (Bennett and Marshall 2005; Przeslawski and Webb 

2009). Swimming ability and energetic considerations may also be important as they relate 

to environmental variability. Weather events or changes in coastal circulation within a 

given year may produce situations where zoeae need to swim against stronger turbulence 

in order to stay in surface waters and where zoeae that are strong swimmers would be 
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favored. Alternatively, in more mild conditions where vertical currents are relatively weak 

and it is not necessary for zoeae to be strong swimmers, the development of larger 

swimming appendages may actually be unfavorable. Larvae with larger swimming 

appendages are generally larger overall (Figure 2-6) and will likely have increased 

metabolic costs. In milder conditions, these increased metabolic costs may outweigh the 

benefits of stronger swimming. The morphological variability of later zoeal stages is 

outside the scope of this study, but a similar degree of variability may persist throughout 

zoeal development in order to ensure that some zoeae are equipped to survive in changing 

environmental conditions.   

2.4.2 Inter-brood Morphological Differences 

Larval broods express significant morphological differences, yet multivariate 

morphology is generally similar across all broods. This suggests that differences between 

broods in that some metrics may be compensated for by others. In terms of all 

morphometrics, broods generally are part of one large group without distinct clustering, 

with most of the differences between broods due to larger offspring in all respects. A study 

by Tamura et al. (2017) found a similar result for Pugettia quadridens, though broods in 

their analysis were more clearly defined along a gradient. The presence of continuity in 

brood morphology seen here may be an indicator that a full extent, rather than a subset of 

morphological variability was captured.  

Brood morphology lies along a gradient, and there may be notable effects of these 

differences on zoeae. Terminal sinking velocity (UT) and swimming drag force (FD) were 

used to quantify possible consequences of brood-level morphological differences. Zoeae 

are found exclusively near the surface of the water column, and due to their negative 
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buoyancy must actively swim to maintain that position (Sulkin et al. 1980). To optimize 

their movement, zoeae should have morphologies that maximize their drag while sinking 

(lower UT) and minimize their drag while swimming (lower FD), minimizing of the energy 

needed to maintain a vertical position. In other species, swimming has been shown to be 

both a relatively high (Bennett and Marshall 2005) and relatively low (Vlymen 1970) 

component of zooplankton energy budgets. However, as far as we know, there have been 

no studies specifically addressing the energetic cost of locomotion in zoeae. UT is 

positively correlated with FD for zoeae in this study, which may be due to the ellipsoidal 

shape of the blue crab zoeal carapace, where the cross-sectional areas in the sinking and 

swimming orientation are inversely proportional. Also due to this correlation, the effects 

of differences in brood morphology are amplified, as broods’ zoeae that sink faster will 

also experience more drag while swimming. While the precise effect of inter-brood 

differences in swimming dynamics is still unknown, these results suggest that the fitness 

of larvae between broods might not be equal.  

Since all adult crabs were caught from the same wild population and laboratory 

conditions were kept similar for all females, hatched zoeae from different broods should 

be comparable. However, it is worth noting that zoeae observed in this study may not be 

entirely representative of their wild counterparts. Gravid females were kept at constant 

temperature and salinity without natural diurnal changes. Temperature and salinity have 

been shown to influence the development of crab zoeae (Costlow and Bookhout 1959); 

therefore, fluctuations in environmental conditions could result in differences in zoeae 

morphology that is not represented here. Gravid females were also captured at varying 

stages of egg development, so their time in laboratory conditions was not constant. Any 
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laboratory-induced effects related to holding egg-bearing females might have differed 

between broods as a result.   

2.4.3 Relationship between maternal characteristics and zoeal morphology 

Among decapod taxa, maternal and offspring size can be either strongly correlated 

or unrelated (Fox and Czesak 2000; Swiney et al. 2013). Positive correlations between 

maternal and larval size have been observed in the coconut crab Birgus latro (Sato and 

Suzuki 2010) and the caridean Palaemon serratus (González-Ortegón and Giménez 2014). 

Fecundity is thought to generally be inversely correlated with offspring size, but there is 

mixed evidence for such a trade-off among crustaceans (Fox and Czesak 2000). A positive 

relationship between fecundity and larval size has been observed in the grapsoid crab 

Chasmagnathus granulatus (Bas et al. 2007) and the caridean shrimp Paratya australiensis 

(Walsh 1993). For C. sapidus, no relationship between maternal size and zoeal size has 

been observed (Darnell et al. 2009; Koopman and Siders 2013). Darnell et al. (2009) also 

observed a decrease in progressive clutch sizes in blue crabs with no change in zoeal size. 

In this study a much broader set of zoeal morphologies was examined and still no 

correlation to maternal size or fecundity was found, yet there were significant differences 

in zoeal morphology between broods. These inter-brood differences in morphology may 

be due to maternal effects, in that differences in zoeae’s morphological characteristics are 

the result of varying maternal behavior or environmental conditions prior to hatching 

(Marshall et al. 2008). Paternal effects may also be present, but as female crabs mate a year 

before spawning (van Engel 1958), the mates of the wild-caught females used in this study 

are unknown.  
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Salinity and temperature have been shown to alter blue crab egg development time 

and hatching success (Costlow and Bookhout 1959).  Broad environmental conditions that 

eggs develop in can also result in developmental differences in zoeae (Shirley et al. 1987; 

Wehrtmann and López 2003).  Low salinity has shown to increase RDL:CL of Eriocher 

sinensis over development (Anger 2003), which was hypothesized as a morphological 

response to lower fluid density by increasing zoeal buoyancy. Maternal nutrition may also 

influence early larval development by altering the lipid and nutritional content of the eggs 

(Allen et al. 2008).  The elemental composition of eggs has been shown to correlate with 

larval biomass in Chasmagnathus granulate (Giménez and Anger 2001; Bas et al. 2007); 

however, it is unknown how the composition of C. sapidus eggs relates to larval size or 

morphology. Though it was not possible to control for all pre-hatching environmental 

variables for wild-captured gravid females, we made observations on zoeae as early upon 

hatching as possible, with the aim to minimize potential environmentally-induced changes 

in morphology. 

Other potential sources of inter-brood morphological variation in zoeae include 

seasonal and inter-annual changes in the brooding environment. Seasonal changes in 

morphology have been documented in megalopae (Ogburn et al. 2011) and zoeae (Stuck 

et al. 2009). Stuck et al. (2009) observed that zoeae were generally larger in the summer 

and fall. Similarly, laboratory conditions were kept static, and may have altered egg 

development as a function of time spent in laboratory before hatching. While these factors 

may be important drivers of variability, the opportunistic nature of our crab collection does 

not let us adequately differentiate these sources of variability. Egg stage, month, and year 

are highly conflated in our dataset, as the majority of the crabs (12 of 21) were captured in 
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June of 2017 and where two-thirds of those arrived into the laboratory with dark eggs. 

However, even when analyzing the morphology of only zoeae hatched from mothers 

collected in June of 2017, there are still significant inter-brood morphological differences 

(MANOVA: F(11,185) = 5.01, p << 0.01, Wilk’s Λ = 0.04).  

Since significant morphological variability was observed among zoeae in this 

study, there is likely to be differences in their anti-predatory defenses, swimming ability, 

sinking velocity, and energy expenditures. Identifying ways to characterize the zoeal 

population in terms of chances of survival and successful dispersal would help predict 

settlement and possibly recruitment. Though maternal size and fecundity were not 

significant predictors of zoeal morphology, there may be other means of forecasting zoeal 

fitness, such as population genetics or environmental conditions during the spawning 

season. A good predictor of morphology should aim to correlate to multiple morphometrics 

with similar functionality.  

 The general morphology of first stage Callinectes sapidus zoeae is variable, 

and larval broods had significant morphological differences. Though laboratory conditions 

did not entirely mimic natural conditions, these results suggest that inter-brood 

morphological differences in the wild zoeal population could be significant. The results of 

this study have important implications in future experimental work with blue crab zoeae. 

Studies investigating C. sapidus zoeal morphology or the functionality derived from 

morphology (e.g. locomotion, anti-predatory defenses, feeding, etc.) must consider the 

significant inter-brood morphological differences observed here. Multiple broods should 

be hatched to encompass a more complete range of morphological traits, otherwise results 

may not be representative of the entire population. Furthermore, point estimates of 
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morphological characteristics may inadequately represent zoeal populations. The amount 

of variation and the shape of distributions of morphologies should be considered when 

investigating the effects of morphology on zoeal populations, especially with regards to 

larval dispersal and energetics. Further research should address (1) the effect of 

morphological variability on predation and behavior, (2) the cumulative effects on survival 

and dispersal of inter-brood morphological differences over development in blue crab 

zoeae, and (3) identifying significant maternal or environmental predictors of zoeal 

morphology.  
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Chapter 3: Development and Changes in Blue Crab 

(Callinectes sapidus) Larval Morphology Across Broods 

Abstract 

The morphology of brachyuran crab larvae (zoeae) can influence a wide range of 

processes, including anti-predatory defenses, energetics, and swimming behavior. A 

previous study (Caracappa and Munroe 2018) has identified brood-dependent 

morphological differences in blue crab (Callinectes sapidus) zoeae, and models indicated 

that these morphological differences may result in differences in swimming-induced drag 

and sinking velocity. However, that study only addressed the morphology of newly-

hatched (first stage) zoeae. In this study, I cultured zoeae from 11 broods further into 

development (8 days) in order to (1) identify the amount of change in morphology and its 

variability over time, (2) determine whether brood-dependent morphology persists in older 

zoeae, and (3) investigate how inter-brood morphological relationships change over time. 

Within broods, there was significant morphological change by day 8, yet variability did not 

change for the majority of broods. I provide a new application of network models and 

profile analysis to investigate changes in zoeal morphology both within and between 

broods and over time, which allowed an examination of size and shape changes separately. 

Results showed that morphological shape differences decrease over time, suggesting a 

trend towards convergence in morphological shape. However, there was no change in the 

amount of size differences over time, and there were still morphological differences 

between broods at both times. Models also identified brood-level differences in drag and 

sinking velocity. Change in drag could not be explained by an increase in swimming 

velocity alone, where brood-level morphological differences were capable of amplifying 
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or dampening changes in drag. These results suggest that brood-dependent morphological 

differences can persist further into development and that these may result in brood-specific 

larval performance. I recommend future studies aim to quantify brood-level effects on 

swimming, energetics, and survival. 

3.1 Introduction 

Blue crabs (Callinectes sapidus) support economically valuable fisheries in the 

eastern Unites States, especially in mid-Atlantic states (Rhodes et al. 2001). Their pelagic 

larval stage (zoeae) develop over the continental shelf for up to 40 days, where successful 

recruitment involves export and return to estuarine waters (Epifanio 1988). In the mid-

Atlantic, zoeae utilize wind-driven surface currents and rely on seasonal changes in wind-

patterns to successfully disperse and recruit to estuaries (Epifanio 1995). During their larval 

phase, zoeae are presumed to undergo extremely high mortality (McConaugha 1992) and 

must actively swim and feed. One characteristic of zoeae that can influence their success 

is their morphology.  

Zoeal morphology affects several aspects of survival and behavior. Carapace spines 

function as defensive structures that can deter and defend against predators (Bollache et al. 

2006), slow their passive sinking velocity, and hydrodynamically stabilize zoeae while 

swimming (Smith and Jensen 2015).  As C. sapidus larval dispersal requires zoeae to 

maintain a near-surface position, they must constantly swim upwards to counter their 

negative buoyancy. Zoeae swim by either maxilliped oscillations or by abdominal 

contractions  (Velazquez 2016). Thrust produced by maxilliped oscillations is proportional 

to the cross-sectional area of both maxillipeds and fanned setae during their power stroke, 
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as well as the angular velocity and frequency of strokes (Ford et al. 2005). Similarly, thrust 

produced during abdominal contractions is related to the anterior cross-sectional area of 

their abdomens as well as the velocity and frequency of contractions.  

In addition to the size of morphological features, the shape of appendages and the 

zoea as a whole can influence several aspects of performance and energetics. The overall 

shape of the zoeal carapace can influence the drag larvae experience, where drag is 

proportional to the cross-sectional area of the zoea in the direction of motion. More oblong 

carapaces can also reduce drag through streamlining effects. Increased resistance due to 

drag can make it energetically more costly to swim, and it can decrease the passive sinking 

velocity of zoeae, reducing the swimming time required to stay near the surface. However, 

these effects are not necessarily the same magnitude due to asymmetry of zoeal carapaces 

and changes in swimming and sinking orientations. Shape can also show the dominant 

processes influencing aspects of larval development. The relative length of carapace spines 

to body size represents tradeoffs between anti-predator defenses, investment in tissue 

growth, and swimming behaviors. 

Morphological characteristics are not always constant across a population, and 

previous studies in C. sapidus (Caracappa and Munroe 2018) and Pugettia quadridens 

(Tamura et al. 2017) have shown that the morphology of first stage zoeae can vary 

considerably both within a population and between larval broods. Female blue crabs only 

mate once, (van Engel 1958) and provide substantial care to their broods, which can both 

create a mechanism for maternal influences (Jivoff et al. 2007). Brood-dependent 

morphology may also result in brood-dependent swimming ability, anti-predatory 

defenses, and energetics. Although the cause for brood-dependent morphology is not yet 
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known,  it may have an origin in genetics, maternal brood care, or natal environments 

(Caracappa and Munroe 2018). However, these studies only addressed morphological 

variability for first stage zoeae, and it has not yet been demonstrated whether brood-

dependent morphology persists further into development. 

For this study, I build off of the observations by Caracappa and Munroe (2018), 

and investigate zoeal morphology for more developed larvae in three different cases. In the 

first case, I observed how the morphology of larvae within broods change over time. This 

change can occur via growth (molting) as well as mortality. In the second case, I addressed 

morphological changes between broods at a given point in time. This is akin to the type of 

analysis done by Caracappa and Munroe (2018) to investigate inter-brood differences in 

morphology. In this case, changes represent results of multivariate analyses, and changes 

in individual morphometrics cannot be inferred from this analysis. In the third case, I 

investigated how the relationship between broods changes over time. This was to assess 

whether broods converged or diverged morphologically over time. In all three cases I 

investigated changes in morphological size, shape, and variability. 

3.2 Methods 

3.2.1 Organism Collection and Adult Rearing  

Eleven ovigerous female blue crabs were obtained via trawling in the southern 

portion of Delaware Bay, New Jersey between May and August of 2016 (N=4)  and 2017 

(N=7). Crabs were then placed in 30 L individual static, aerated containers (25±2° C, 

salinity of 30±2) with 2 cm of sand as substrate and were fed twice a week on oyster meat. 

Eggs were monitored daily for developmental stage and water was changed three times per 
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week. Crabs were no longer fed once eggs were within 48 hours of hatching and visible 

darkening and movement was observed within (Millikin 1978).  

3.2.2 Larval Rearing 

When eggs hatched, 1000 to 2000 zoeae from each brood were transferred into 15 

L aerated static cultures (25±2° C, salinity of 30±2). Cultures received water changes and 

were cleaned every other day. Zoeae were fed rotifers (Brachionus plicatilis) daily as per 

Zmora et al. (2005). Rotifers were grown in separate cultures fed on Nannocloropsis spp. 

at a salinity of 15. Up to 20 zoeae were sampled from each culture on days 1 and 8, if 

possible, by pipetting them individually from cultures and preserving them in 70% borate 

buffered ethanol. Only zoeae that were alive and active were sampled. However, due to 

preservation issues, some of the sampled zoeae degraded and were not able to be measured.  

3.2.3 Morphological Measurements 

Morphological analysis for 8 day-old zoeae follows the methods described by 

Caracappa and Munroe (2018). Preserved zoeae were suspended in a glycerin-ethanol 

mixture, then photographed using an Olympus SZX10 stereomicroscope camera with an 

Infinity Lumenera-3 2 Mpx microscope camera. Photographs of each larvae were taken 

from a lateral perspective and at least one other perpendicular perspective (dorsal or 

anterior). This allowed for estimates of 3-dimensional shape. The camera was calibrated 

with a micrometer, and morphology was measured from photographs using imageJ 

(Rasband 2016). 

A subset of morphometrics used by Caracappa and Munroe (2018) was used in this 

study to reduce the co-linearity between measurements, as well as reduce the number of 
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possible statistical comparisons. These included the length, width, and height of the zoeal 

carapace (CL, CW, and CH) and abdomen (AL, AW, and AH). The rostrum length (RL) 

was used instead of the more common rostro-dorsal length as many zoeae had damaged 

dorsal spines after collection and preservation. The mean swimming appendage length 

(SA) was also calculated as the mean length of both pairs of maxillipeds (including setae).  

The drag force induced while swimming (FD) as well as terminal sinking velocity 

(UT) was modeled using measured morphological measurements in addition to literature 

values for other physical and behavioral parameters (Table 1). The models used were based 

on those in Caracappa and Munroe (2018), and allowed comparison of swimming 

efficiency between broods across multiple points in development. First stage swimming 

velocity was 2.5 mm s-1 (Caracappa and Munroe 2019).  The swimming velocity of older 

zoeae was estimated to be 5 mm s-1, which was an extrapolated value between stages 1 and 

4 zoeae reported by Sulkin et al. (1980). The mass density of individual zoeae was 

estimated as 1066 kg m-3 (Fuchs and Low, unpublished data).   
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Table 3-1: Description of models of drag force while swimming (FD) and passive 

sinking velocity (UT), based on Caracappa and Munroe (2018).   

Metric Definition Equation Details 

AD 
Dorsal Cross-

sectional Area 
AD = π CL × CW  

AA 
Anterior Cross-

Sectional Area 
AA = π CL × CH  

FD 
Swimming Drag 

Force 
𝐹𝐷 =

1

2
𝜌𝑓𝐶𝐷𝐴𝐷𝑈2 ρf = fluid density (1019 kg m-3) 

CD 
Drag 

Coefficient 
𝐶𝐷 =  

24

𝑅𝑒
+  

6

1 + √𝑅𝑒
+ 0.4 (White 1974) 

Re 
Reynolds 

Number 
Re = 

𝐴𝐻 × 𝑈

𝜐
  ν = 9.5 x 10-7 m2 s-1 

UT 

Terminal 

Sinking 

Velocity 

𝑈𝑇 =  √
2𝑔(𝑉𝐴 + 𝑉𝐶)(𝜌𝑧 − 𝜌𝑓)

𝜌𝑓𝐴𝐴𝐶𝐷

 

VA = abdominal volume (
1

2
𝐴𝐿 ×

𝐴𝑊 × 𝐴𝐻),  

VC = carapace volume  

( 
4

3
𝜋𝐶𝐿 × 𝐶𝑊 × 𝐶𝐻),  

ρz = zoeal density (1066 kg m-3)  

 

3.2.4 Statistical Analysis 

Kruskal-Wallace tests were performed to determine both whether morphology 

differed between broods on the same observation day or between day 1 and day 8 zoeae of 

the same brood. Profile analysis was used to investigate inter-brood differences in 

morphology at both ages. Profile analysis is a multivariate method analogous to a repeated-

measures ANOVA that tests whether two sets of observations differ in equality and 

parallelism (Davison and Davenport 2002).  

The distinction between changes in morphological shape and size is a crucial 

component to this study. In the context of morphology, two groups can be said to differ in 

equality if the magnitude of morphometrics (size) differs between them. A change in size 

in this study was thus defined as a uniform a shift in magnitude (positive or negative) across 
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all measured morphologies. Alternatively, two groups would differ in parallelism if the 

relative relationship between morphometrics (shape) differs between groups. These shape 

changes are a multivariate measure and do not constitute any single ratio of metrics. Thus 

it is possible to detect uniform changes in size across metrics, while there may be no 

changes in the relationship among metrics (and vice versa).  

A profile analysis, using all measured morphometrics, was performed on all 

pairwise combinations of broods, testing for equality and parallelism between day 1 and 8. 

Morphological data was modeled as a network with brood morphology as nodes and the 

results of profile analyses as connections. This approach allowed for the visualization of 

patterns and relationships between all broods as well as how those relationships change 

over time. I then calculated the percentage of inter-brood comparisons that were 

statistically similar or different, as well as the proportion of inter-brood comparisons that 

changed their relationship by day 8. 

The geometric median absolute deviation (gMAD) was used as a measurement of 

multivariate morphological variability: 

 

𝑔𝑀𝐴𝐷 = √∑  𝑚𝑒𝑑𝑖𝑎𝑛(|𝑋𝑖𝑗 − �̃�𝑗  |)2

𝑛

𝑗=1

 (3.1) 

where for each larvae 𝑖 and variable 𝑗, �̃�𝑗 is the median of each variable and 𝑋𝑖𝑗 are 

individual observations. gMAD was calculated for each brood at each age, and a 

bootstrapping routine was used to generate confidence intervals and test for differences in 

gMAD between groups. Sets of larval morphometrics were randomly drawn, with 
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replacement, from each brood such that the generated broods contained the same number 

of larvae as was originally sampled. gMAD was calculated for each generated brood and 

this process was repeated (N=1,000), and a 95% confidence interval was generated from 

the distribution of each broods’ gMAD. If the gMAD for one brood fell outside the interval 

for another, the broods were said to have different morphological variabilities. Using this 

method, I tested for changes in gMAD between day 1 and day 8 within individual broods 

and whether those relationships changed over time. I also tested whether broods were 

similar within a given observation day.  

A standardized median absolute deviation (MAD*) was used as a measure of 

variability for individual metrics that is independent of scale, thus allowing for 

comparisons between metrics. MAD* was calculated as 

 
𝑴𝑨𝑫∗ =

𝒎𝒆𝒅𝒊𝒂𝒏(|𝑿𝒊 − �̃�|)

�̃�
 

(3.2) 

This allowed us to make comparisons to Caracappa and Munroe (2018) as well as 

identify the contributions of individual metrics to potential changes in variability. All 

statistical analyses were performed in R (R Core Team 2015), and profile analyses were 

performed with the profileR package (Bulut and Desjardins 2018). 
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3.3 Results 

Table 3-2: Results of MANOVA testing for multivariate morphological 

differences between broods and age groups.  

 Df Wilks’ λ  F P 

Brood 10 0.11 10.73 ≪ 0.001 

Age 1 0.52 36.84 ≪ 0.001 

Brood × Age 10 0.19 7.45 ≪ 0.001 

Residuals 324    

 

Upon hatching, one day old zoeae exhibited significant inter-brood differences for 

all individual morphometrics (K-W, p<0.05), and K-W post-hoc comparisons showed 4-7 

statistically different groups, where the membership of groups varied by metric (Caracappa 

and Munroe 2019). In this study, morphological differences between broods were also 

present for 8 day old zoeae (K-W, all p<0.05), with 2-7 statistical groups, depending on 

the metric. MANOVA results showed significant differences in multivariate morphology 

between broods, age, and the interaction between the two (Table 3-2).  

I also tested whether individual morphometrics changed over time while combining 

all zoeae and disregarding brood identity. I found that all metrics, except for AH, 

significantly differed between observation times (K-W, p<0.05; Table 3-3). All individual 

morphometrics increased over time, where CL, CH, AL, and RL each increased by over 10 

% (Table 3-4).  
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Table 3-3: Results of Kruskal-Wallace tests comparing individual morphometrics 

between day 1 and day 8 across all broods.  

Metric Chi df p 

CL* 7.1 1 0.01 

CW* 6.5 1 0.01 

CH* 22.0 1 ≪0.001 

AL* 11.6 1 0.001 

AW* 4.9 1 0.03 

AH 1.7 1 0.19 

RL* 6.6 1 0.01 

SA* 6.4 1 0.01 

3.3.1 Profile Analysis and Multivariate Variability 

Despite changes in individual morphometrics over time, results of profile analyses 

showed that multivariate morphology did not always change both in size and shape (Table 

3-5). However, all but one brood did change in at least one respect over this time. Brood 

differences in morphology was present for both age groups (Table 3-6), and there were 

significant changes in the relationships between broods over that time. The majority of 

inter-brood comparisons showed differences in shape (parallelism) and size (equality) at 

both times, and in all cases, broods differed from at least one other brood (Figure 3-1). This 

indicates a persistence of brood-dependent morphology over time. Profile analyses showed 

that, there became less shape differences among broods (71% to 53%) and nearly one half 

of brood comparisons (56%) did not change their relationship. Though this is indicative of 

some degree of convergence in morphological shape (i.e. an increase in trait similarity over 

time), broods still maintained statistically significant shape differences. Similarly, a 

majority of brood comparisons differed in size (58%), but this only increased slightly for 

older larvae (60%). About one half of comparisons did not change their relationship in 

terms of size (55%). However, unlike for shape characteristics, there was no appreciable 
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bias in direction for those relationships that changed, indicating neither convergence nor 

divergence in morphological size.   

Table 3-4: Medians and median absolute deviations (MAD) of 1 and 8 day-old 

zoeae, as well as the percent change between observations. Median values are in 

μm.  

 CL CW CH AL AW AH RL SA 

Day 1 

Median 
384.9 284.9 273.9 657.5 104.5 83.8 211.8 220.5 

Day 8 

Median 
412.7 286.7 314.7 727.9 109.4 89.9 231.8 238.9 

% 

Change 

Median 

15.23 3.35 17.35 13.14 9.63 8.47 15.81 9.94 

Day 1 

MAD 
0.07 0.06 0.12 0.11 0.07 0.08 0.11 0.06 

Day 8 

MAD 
0.09 0.11 0.1 0.08 0.06 0.07 0.11 0.08 

% 

Change 

MAD 

22.8 74.4 -13.4 -25.4 -12.8 -14.8 5.6 22.7 
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Figure 3-1: Network models of inter-brood comparisons of morphology based on 

profile analyses on pair-wise combinations of broods. The first row shows 

comparisons for one day-old zoeae, the second row shows comparisons for 8 day-

old zoeae, and the third row shows the change in relationships between the two 

observation times. The left column shows the results of tests of equality of means 

(size), and the right column shows test of parallelism of means (shape).   
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Table 3-5: Results of profile analysis comparing age groups within each brood. Asterisks 

denote statistically significant differences between both times.  

Brood Equality (Size) 

P value 

Parallelism (Shape) 

P value 

A 0.102 ≪0.001* 

B <0.001* 0.001* 

C 0.846 0.577 

D 0.025* 0.054 

E 0.053 0.022* 

F <0.001* 0.079 

G 0.033* 0.087 

H 0.711 0.031* 

I 0.216 ≪0.001* 

 

Broods exhibited similar amounts of morphological variability (gMAD) at both 

ages (Table 5). For day 1 zoeae, a strong majority (76%) of brood comparisons showed 

different degrees of variability. While brood differences in variability decreased by day 8 

(64%), 73% of comparisons had no change in their relationship. I also tested whether 

gMAD changes over time within individual broods. With the exception of two broods, 

which decreased in variability by day 8, generally gMAD did not change within broods 

over time.  
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Table 3-6: Results of profile analysis on 1 and 8 day-old broods. Percentages 

reflect the proportion of inter-brood comparisons within each comparison 

category. Shape and size refer to profile analysis tests for parallelism and equality, 

respectively. The gMAD column shows the changes in the variability (geometric 

median absolute deviation). “Day 1 vs 8” shows describes the comparison between 

Day 1 and Day 8 comparisons.   
Comparison Shape (%) Size (%) gMAD (%) 

Day 1 
Similar 29.1 41.8 23.6 

Different 70.9 58.2 76.4 

Day 8 
Similar 47.3 40.0 36.4 

Different 52.7 60.0 63.6 

Day 1 vs 8 

Similar to Different 12.7 23.6 7.3 

Different to Similar 30.9 21.8 20.0 

No Change 56.4 54.5 72.7 

3.3.2 Models of Drag and Sinking Velocity 

There were significant differences in modeled drag (FD) and sinking velocity (UT) 

between broods at both day 1 and 8 (MANOVA F(8,125), p≪0.001, Wilk’s Λ = 0.41; 

Figure 2). Drag increased for all broods as they developed. The majority of the change in 

drag was due to a constant increase in swimming velocity with age, since drag scales with 

the square of velocity. Without any changes in morphology an increase in swimming 

velocity from 2.5 to 5 mm s-1 would increase drag 12%. For each brood, the effect of the 

predetermined increase in swimming velocity was subtracted from the difference in FD 

across both points in time. The remainder then was the change in FD attributable to 

morphological changes. On average, morphology decreased FD by 15%, meaning that 

morphological changes typically dampened the increase in drag one would expect from an 

increase in swimming velocity. However, morphological effects were capable of 

dampening this velocity effect by as much as 49%, or increasing them by up to 49%.  

Changes in sinking velocity (UT) were much less pronounced than changes in FD 

(Figure 2). There was an average increase in UT by about 10% across broods, but this was 
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mostly driven by large increases in three broods. These broods showed large increases in 

larval volume or decreases in AA. FD was positively correlated with UT (R2 = 0.70, p = 

0.001) for older as well as younger zoeae (R2=0.60, p = 0.005). However, the slope of these 

relationships is similar (ANCOVA: p = 0.26). Broods generally fell along a gradient from 

low FD and low UT, to high FD and UT. Brood’s FD varied by a factor of 1.8 at day 1 which 

decreased to a factor of 1.4 by day 8. Similarly, UT changed from varying by a factor of 

1.9 to 1.5. Overall, these results indicate that vertical swimming efficiency remains brood-

dependent for older zoeae. 

3.4 Discussion 

Results of this study suggest that larval broods trend towards a convergence in 

shape but maintain similar degrees of size differences over a portion of their larval 

development. Since shape comparisons were multivariate measures, a convergence in 

shape could be interpreted as a growing similarity in broad morphological features (e.g. a 

body-plan). However, significant brood-level differences in morphological size and shape 

were detectible at both observation times, meaning that any convergence is gradual and 

would likely occur over several molt cycles. Additionally, when comparing gMAD 

between broods, there seems to be a slight convergence in variability. This indicates that 

convergence in morphological shape may be related to the changes in the shape of metric 

distributions rather than simply a convergence in means. Lastly, I find that these 

morphological changes result in a similar pattern in swimming efficiency indices as for day 

1 zoeae, where broods experience differing degrees of swimming efficiency depending on 

their morphology. Furthermore, depending on the particular nature of broods’ 

morphological changes, these changes can either amplify or dampen the effects of drag.  
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Figure 3-2: Estimates of modeled swimming drag force and sinking velocity are 

shown for individual broods at day 1 (solid points) and day 8 (open points). Thin 

solid lines indicate the trajectories of broods between observations. Ellipses 

represent the 95% confidence intervals of model estimates. Thicker dashed and 

solid lines show the results of linear regressions between drag force and sinking 

velocity for younger and older broods, respectively.  

 

The fact that broods converge in shape but relationships in size persist indicates 

that not only can brood-dependent morphology persist into development, but that brood 

morphology does not change uniformly over time between broods.  Day 1 broods do not 

form consistent groups among one another with respect to individual metrics. In that, while 

two broods may be similar in one trait, they may differ for another. Since the measure of 

morphological shape in this study relates to the relative values of morphometrics, it is not 
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surprising to see changes in shape that did not match changes in size over time. 

Furthermore, this indicates that there were not unilateral changes across all metrics over 

time.  

The relatively short observation interval in this study, while long enough to detect 

morphological changes, only represents about one third of the C. sapidus zoeal 

development period. Complications with larval cultures past 8 days led to too few samples 

of older larvae for statistical significance. Though there are several morphological features 

that can be used to distinguish the first two larval stages (Costlow and Bookhout 1959), 

differences between them are not as dramatic as that of later stages. If brood-dependent 

morphological differences are detectible between successive molt stages, future studies 

should be able to identify them further into development. However, I am unable to 

conclude how long or to what degree these differences persist for later stage zoeae. 

One caveat of this study was that mortality estimates were not made on broods as 

they developed. Thus it is not possible to say with certainty whether changes in inter-brood 

morphological comparisons were due to differential mortality, to growth during molting, 

or both. In the first case, mortality may differ between broods depending on the particular 

characteristics (morphological or otherwise) of zoeae. For instance, zoeae with longer 

spines may sink more slowly and require less energy to stay near the surface, and over 

time, zoeae with shorter spines may experience higher mortality due to high energetic costs. 

However, mortality-driven changes in morphology can be related to shape characteristics 

as well. In the presence of predators, longer spines may deter predation, yet there may be 

some spine length to body size ratio that optimizes predation and energetic costs. Then, 

when predators are removed, it may some optimal shape that become dominant over 
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development. In the second case, broods could become similar or different over time due 

to differences in growth, whereby upon molting, zoeae change their morphology dependent 

on environmental cues, available resources, or genetics. I make the case that it was changes 

due to growth that were observed and not mortality. 

Cultures were all kept in similar conditions with the same water sources, food 

supply, and feeding schedules. There were also no predators present in cultures to create a 

selective pressure. Given that conditions were similar between broods, differences in 

growth rates could be attributed to differences in metabolism or maternal influences on the 

original nutrient content of eggs. Although, environmental conditions (Anger 2003) and 

predators (Charpentier et al. 2017) can influences morphological traits, it is still unknown 

how different broods would respond to the same cues. Since there was only a convergence 

in larval shape, a potential selective pressure would need to act on larval shape 

characteristics, not necessarily size. Since brood cultures were isolated, in ideal conditions, 

and without food limitations, a broad shape characteristic that would result in mortality is 

not obvious to us. If there was some variant on swimming appendage or body morphology 

that did not allow zoeae to swim against gravity or feed properly, it could experience 

mortality over this time. This type of phenomenon might also necessitate that the way in 

which morphology influences mortality changes between broods, such that some broods 

became more similar and others more different.  

An absence of differential mortality is also supported by the fact that broods 

maintained similar degrees of morphological variability. Presumably, directional mortality 

within broods should decrease the amount of morphological variability within a brood as 

unfavorable shapes remove themselves for cultures over time. However, this assumes that 
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there is some optimal form, and that it was captured by the metrics used in this study. When 

I analyzed the changes in variability with broods over time, I found that only two broods 

decreased in variability and the others did not change. Thus, while the precise nature of the 

convergence in morphological shape cannot be determined, it is likely due to growth. 

The ability for zoeae to stay in near-surface waters is crucial for effective larval 

dispersal. Larval transport and successful reinvasion of estuaries is dependent on their 

ability to remain within wind-driven surface currents in C. sapidus. Zoeae’s negative 

buoyancy necessitates that they must constantly swim to stay afloat, which has the potential 

to be energetically costly over larval development. One way to estimate a zoea’s ability to 

stay near the surface is to compare how fast it would passively sink (UT) and the resistance 

it needs to overcome in order to swim (FD). Broods whose zoeae experience low drag and 

slow sinking velocities could be categorized as having a high swimming efficiency as they 

lose less vertical distance upon resting and need to spend less energy to swim. Caracappa 

and Munroe (2018) found that FD and UT were positively correlated for first stage zoeae, 

and broods were separated across this efficiency gradient. Similarly, in this study broods 

at 8 days also lie along a similar gradient, and significant differences were still present for 

both FD and UT among broods. Though much of the change in FD was due to an increase in 

swimming velocity, and all broods increased in FD, morphology acted to either amplify or 

dampen this velocity effect, depending on brood. The non-uniform increase in FD and UT 

between broods was likely due to the increase in shape differences over time, whereby 

changes in zoeal carapace shape can increase drag in either orientation.  Since size 

differences between broods did not increase, it follows that there would be an unequal 

change in FD and UT. 
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It is worth noting that the models of drag and sinking velocity used here make 

simplifying assumptions regarding the shape of zoeae, where zoeae’s carapaces and 

abdomens are assumed to be ellipsoids and wedges respectively. Additionally, more 

precise models could incorporate the contribution of spines and swimming appendages, 

which are not incorporated into the model. More accurate estimates of drag and the 

energetic costs of swimming may be necessary for other applications, but the purpose of 

the models in this study were to provide broad comparisons of the influence of morphology 

between larval broods. Furthermore, drag is not the only factor in determining the energetic 

expenditure of swimming, and other terms such as acceleration reaction, as well as 

muscular and mechanical efficiencies would need to be estimated, requiring a more 

mechanistic model of zoeal swimming.  

In conclusion, brood-level morphological differences persist further into 

development, and broods differences in shape decrease but remain similar in size. Viewing 

inter-brood comparisons as a network of relationships, in combination with profile 

analysis, provides a useful way to determine changes in traits over time. Zoeal 

morphological changes are not uniform across metrics, and changes in shape characteristics 

occur in a way that minimizes changes in variability. I suggest that changes in 

morphological relationships signify a slight convergence in morphological shape due to 

growth. These morphological changes have the potential to result in a decrease in 

swimming efficiency in the form of a slight increase in sinking velocity and a larger 

increase in drag. Though changes in drag are very sensitive to changes in swimming 

velocity, morphological changes increase drag more than an increase in velocity alone. 

Future studies should focus on analyzing morphological relationships over the entire zoeal 
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development, coupled with behavior observations of individuals, in order to determine how 

brood-level variation influences swimming ability.  
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Chapter 4: Variability in Swimming Behavior among Broods 

of Blue Crab (Callinectes sapidus) Zoeae 

This chapter appears in its entirety in The Journal of Experimental Marine Biology and 

Ecology 518 (2019): 151176. DOI: https://doi.org/10.1016/j.jembe.2019.151176 

Abstract 

Blue crabs (Callinectes sapidus) support economically important fisheries across 

the eastern United States, which have exhibited historical variability in recruitment. Blue 

crab zoeae develop in surface waters over the continental shelf, where they need to 

constantly swim upward in order to stay within surface currents to successfully disperse. 

Morphology influences the drag zoeae experience and their ability to produce thrust, and 

morphological traits can vary across the population, especially between larval broods. The 

objectives of this study were to characterize the swimming behavior of first stage C. 

sapidus zoeae, determine whether there were inter-brood differences in swimming 

behavior, and identify morphological traits that are correlated with swimming behavior. 

The swimming behavior of zoeae from nine blue crab broods were observed within 24 

hours of hatching using video recordings, and metrics relating to velocity, orientation, and 

path straightness were calculated. Individual zoeae exhibited substantial variability in 

behavior, and broods significantly differed for all behavioral metrics measured. A mixture 

model analysis identified two modes of behavior each for velocity, orientation, and path 

straightness. These behavioral modes exist within individual broods, but the proportions 

exhibiting each behavior varied. Some morphometrics were significantly correlated with 

behavior, though some hypotheses based on the theoretical mechanics of zoeal swimming 

were not confirmed. Zoeal swimming ability, in terms of velocity and path straightness, 

https://doi.org/10.1016/j.jembe.2019.151176
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varies among individuals within broods, yet across broods patterns of behavior were 

somewhat similar. The behavioral groups observed may result in inequality in the energetic 

costs of swimming for zoeae within a given brood, as well as varying optimization of 

vertical swimming. These results highlight the importance of individual and brood 

variation in swimming behavior and demonstrate the relationship of morphology in 

determining swimming behavior. Future work investigating zoeal swimming mechanics 

and behavior should incorporate this population-level variation.  

4.1 Introduction 

Blue crabs (Callinectes sapidus) are an economically and ecologically important 

species along the United States Atlantic and Gulf coasts (Rhodes et al. 2001). While adults 

predominantly inhabit estuarine waters, their larvae (zoeae) are released at the mouths of 

estuaries and develop in surface waters over the continental shelf (Epifanio 1988). Inter-

annual fluctuations in adult crab population have led to investigations of factors that might 

influence the successful dispersal of zoeae and recruitment of juveniles (Johnson and Hess 

1990a; Epifanio 1995; Ogburn et al. 2012). One important aspect of blue crab larval 

dispersal is their ability to swim, specifically vertical swimming allows larvae to counter 

negative buoyancy and stay within surface waters. 

Coastal surveys have found blue crab zoeae to primarily inhabiting surface waters 

throughout their larval development (Provenzano 1983; Epifanio 1995). Though the 

precise dispersal mechanism may vary between systems, the contemporary understanding 

is that in riverine estuaries, such as the Delaware and Chesapeake bays, zoeae utilize wind-

driven surface currents for dispersal. For instance, in Delaware Bay, it is hypothesized that 
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along shore currents and offshore counter-currents transport zoeae southward then 

northward, respectively, and they are carried offshore and inshore during upwelling and 

downwelling events via Ekman transport (Epifanio and Tilburg 2008). This pathway 

necessitates that zoeae are located within the surface mixed layer, as current regimes can 

change dramatically at different depths. C. sapidus zoeae are negatively buoyant (Sulkin 

et al. 1980), and must actively swim upwards to maintain this surface position, meaning 

that upward swimming is near-constant and potentially energetically costly.  

General aspects of blue crab zoeal swimming behavior have been well-

documented. In laboratory experiments, early stage zoeae exhibit negative geotaxis, 

positive phototaxis, and tend to swim faster in higher salinities (Sulkin et al. 1980). Zoeae 

also do not exhibit any endogenous vertical migration (diurnal or otherwise) in the 

laboratory, unlike other crab species with similar larval dispersal patterns (López-Duarte 

and Tankersley 2007). There is some evidence that C. sapidus zoeae employ predator 

avoidance behaviors by swimming (Morgan 1987), but it remains unknown which 

swimming methods are used. Studies modeling swimming mechanics in other zooplankton 

crustaceans have shown the importance of appendage morphology in propulsion (Morris 

et al. 1985; Wilkin and Jeffs 2011). 

 There are two main methods of swimming in zoeae, which we are denoting as 

“cruise” and “burst” swimming. During cruise swimming, thrust is produced via near-

synchronous oscillations of both maxilliped pairs (Ford et al. 2005; Velazquez 2016), and 

zoeae typically swim in the direction of their dorsal spine (Sulkin 1984). Zoeae’s 

intermediate Reynolds number and multiphase strokes result in an unsteady velocity, but 

zoeae can swim at relatively constant velocities averaged over longer time periods.  Setae 
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are fanned during the thrust-producing power stroke, increasing their surface-area, and they 

are retracted during the recovery stroke, decreasing backward motion. The thrust produced 

during these maxilliped oscillations, should be proportional to the morphology of the 

appendages (length and cross-sectional area) as well as maxilliped’s angular velocity and 

beat frequency. Alternatively, during burst swimming, zoeae rapidly contract their 

abdomens for a sharp increase in velocity or changes in direction (Chia et al. 1984; 

Velazquez 2016). During these motions, thrust is produced based on the contraction 

velocity of the abdomens as well as their cross-sectional area. Zoeae are quickly slowed by 

viscous forces during burst swimming, which in turn has a brief duration. When sinking 

passively, zoeae are oriented with rostrum and dorsal spine horizontal (Sulkin 1984), and 

drag being produced primarily by the carapace spines and anterior cross-section of the 

carapace.  

Morphology has been shown to vary significantly within and between larval broods 

in at least two brachyuran crabs, C. sapidus (Caracappa and Munroe 2018) and Pugettia 

quadridens (Tamura et al. 2017). Since morphology is an integral component of zoeal 

swimming ability, we hypothesize that swimming behaviors may vary similarly. To our 

knowledge, for C. sapidus, no study has investigated either the swimming trajectories 

across multiple larval broods, nor the relationship between zoeae’s morphology and 

swimming behavior. Presumably, across a larval population, some zoeae are better 

swimmers than others, potentially to the degree that some zoeae are less able to maintain a 

surface position that will facilitate effective dispersal or do so but with a less efficiency. 

Potential differences in swimming behavior could also influence the energetic cost of 
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swimming, a substantial component of crustacean zooplankton energy budgets (Mootz and 

Epifanio 1974; Levine and Sulkin 1979; Torres 1984). 

This study had three main objectives: (1) characterize the swimming behavior of 

individual first stage blue crab zoeae, (2) determine whether there are inter-brood 

differences in swimming behavior, and (3) test whether zoeal morphology is correlated to 

swimming behaviors.  

4.2 Methods 

4.2.1 Organism Collection and Larval Hatching 

Gravid blue crabs were collected in New Jersey estuaries by trawling during the 

summer of 2018. Nine ovigerous C. sapidus were collected: 7 from the lower Delaware 

Bay and 2 from Barnegat Bay. Crabs were housed in individual 30L plastic bins containing 

water at salinity of 30 ppt and 2 cm of sand substrate. Water was changed every other day, 

and crabs were fed oyster meat three times per week. Feedings were suspended when 

embryos reached late stages of development.  After hatching, zoeae from each brood were 

transferred to separate 20L containers with a salinity of 30 ppt.  

4.2.2 Experimental Setup 

To record swimming behavior, recently-hatched zoeae (within 24 hours) were 

placed in a half-gallon plastic aquarium (24cm length x 8cm width x 10cm depth) fixed to 

a fiberglass base (Figure 4-1). An overhead LED light source (color temperature of 7000 

± 1000 K and intensity of 2250 ± 250 mcd) was fixed 6 cm above the observation region. 

Thus lighting in this study was slightly cooler than overhead sunlight, and intensity was an 

order of magnitude greater than similar studies (Forward and Buswell 1989) but still two 
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orders of magnitude lower than full daylight. The LED light source minimized heat transfer 

and convection during observations, helping to maintain still-water conditions. Though a 

full-spectrum light source was used, it was not diffuse. No other light sources were present 

during observations, and the flat black surface beneath the experimental unit minimized 

reflection from below. A mm-scale ruler was fixed in the center of the aquarium and within 

frame of the camera, for scale. The aquarium and camera rig were completely submerged 

in a water bath (55cm length x 38cm width x 30cm depth), stabilizing the temperature and 

minimizing refraction during recording.  An Olympus Tough TG-5 waterproof digital 

camera (focal length 4.5-18 mm) was mounted onto the plate at 5 cm from the scale at the 

center of the aquarium. This corresponded to a field of view 5.6cm wide by 3.2cm tall, 

located 1 cm above the bottom of the aquarium.  

 

Figure 4-1: Schematic of video system setup. Aquarium and camera rig were 

completely submerged in a water bath up to water level in the aquarium.  

 

 Zoeae were all recorded within 24 hours of hatching, were not fed prior to 

experiments, and no food was present during video observations. Water in the aquarium 
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was 23 ± 1oC, salinity of 30 ppt, and was passed through a 1 μm filter and UV sterilizer 

prior to experiments. For each of nine broods, three videos were recorded (1080p 

resolution, 60 fps) under the digital “super macro” setting, using different groups of zoeae 

(~100-200) for each video. Zoeae were removed from their hatching containers using a 250 

μm sieve, then gently poured into the aquarium using a small beaker. Larvae were allowed 

to acclimate to aquariums for 10 minutes with only the overhead LED as a light source. 

This allowed any mixing produced by the introduction of zoeae to dissipate. All 

observations occurred in the afternoons between 12:00 and 5:00 pm local time, though the 

precise time varied. Video observations had a duration of 17 minutes with the first 2 

minutes excluded due to potential movements generated by starting the recordings.  

4.2.3 Swimming Behavior 

Videos were analyzed using the open-source software, Kinovea (Charmant 2018). 

For each video, 10 random 5 second periods were selected from the 15 minute experimental 

recording. Videos were calibrated using the ruler in frame. Up to 5 zoeae were tracked in 

each 5 second period as long as they remained in frame for up to 5 seconds. If less than 5 

zoeae were visible at the start of each 5 second period, additional 5 second periods were 

selected until swimming tracks of 50 random zoeae were measured per video. Kinovea’s 

auto-tracking tool and some manual adjustments were used to create and export position 

and time data for each zoea.  
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Table 4-1: Summary of morphological metrics, abbreviations, and results of 

Kruskal-Wallace (K-W) tests. P values are adjusted using a Bonferroni correction, 

and the Groups column shows the number of statistically distinct groups from 

pairwise K-W tests.   

Metric Full Name Median P Value Groups 

CL Carapace Length 376 μm <0.01 5 

CW Carapace Width 271 μm <0.01 7 

AL Abdominal Length  684 μm <0.01 6 

AW Abdominal Width 100 μm <0.01 5 

RDL Rostro-Dorsal Length 788 μm <0.01 4 

SA Swimming Appendage 

Length 

460 μm <0.01 5 

AD Dorsal Cross-Sectional 

Area 

0.032 mm2 <0.01 6 

AB Abdominal Cross-

Sectional Area 

6.80E-02 mm2 <0.01 7 

 

Eight metrics were calculated from exported position-time data (Table 4-1). 

Artefacts in the position data from the auto-tracking tool were removed during post-

processing and prior to calculations. These included smoothing over both sharp changes in 

direction and movements smaller than the precision of the software, which were the result 

of the angular nature of single pixel movements between frames. Median speed (s) was 

calculated as the median of all non-zero speed increments, in order to characterize s only 

when zoeae were in motion. The median vertical velocity (w) was calculated as the median 

of the vertical components of velocity increments. Maximum speed (smax) and maximum 

vertical velocity (wmax) were both calculated as the 95th percentile of all speed and velocity 

increments for an individual, respectively. The mean swimming angle (θ) was a measure 

of the general orientation of zoeae and was calculated as 

 
𝜃 = tan−1

𝑚𝑒𝑎𝑛( sin 𝜃𝑖  )

𝑚𝑒𝑎𝑛( cos 𝜃𝑖  )
 (4.1) 
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where θi is the angle of motion between the timesteps ti and ti-1. This calculation was used 

because values for θi span from 0 to 360, and an arithmetic mean would poorly describe 

the motion of zoeae with angles near 0. The proportion of time swimming upward (P) was 

also a metric of orientation and was defined by the time increments where 0<θ<180. The 

net-to-gross displacement ratio (NGDR; sensu Buskey, 1984) was calculated both 

irrespective of direction (NGDR) and for only the vertical component of motion (NGDRy).  

NGDR has been used as a metric of path efficiency in several zooplankton species 

including octopus larvae (Villanueva et al. 1996) and copepods (Buskey 1984; Doall et al. 

1998) and serves as a measure of general and vertical path straightness, respectively. 

Simulations showed that the NGDR for random motion would be about 0.03. Lastly, the 

proportion of time that zoeae were in motion (M) was also calculated.  

4.2.4 Morphological Observations 

After each video was complete, 10 zoeae from each video were sampled at random 

for morphological analysis (total of 30 zoeae measured per brood). Morphological analysis 

from Caracappa & Munroe (2018) show that this sample size is sufficient to detect brood-

level differences in morphology. Zoeae were suspended in a glcyerine and ethanol solution 

and photographed using an Olympus SZX10 stereo microscope (Olympus Life Science, 

MA) with an Infinity 1-3 2-megapixel microscope camera (Ottawa, Ontario, Canada). At 

least two photos were taken for each zoea with perpendicular perspectives.  

Eight morphological metrics were measured on each zoea. The length and width of 

zoeal carapaces (CL and CW) and abdomens (AL and AW) were measured, where lengths 

were anterior to posterior, widths were left to right, and heights were ventral to dorsal. 

Carapace and abdominal dimensions were all perpendicular. Rostro-dorsal length (RDL) 
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was the straight tip-to-tip spine length of zoeae, and swimming appendage length (SA) was 

measured as the average length of the first and second maxillipeds plus the mean length of 

all setae. The dorsal and abdominal cross-sectional area (AD and AB) were derived from 

measured metrics. AD was estimated using the elliptical area of the carapace from a dorsal 

perspective (AD = πCL*CW). Drag is proportional to the cross-sectional area in the 

direction of motion and should thus be proportional to AD while swimming. AB was 

calculated as the rectangular ventral area of the abdomen (AB = AL*AW) and is should be 

proportional to the thrust produced by zoeae during abdominal contractions.   

4.2.5 Statistical Analysis 

All statistical analyses were performed in R (R Core Team 2015). Since both 

behavioral and morphological variables, individually, were not normally distributed, a 

Kruskal-Wallace Test was used to determine whether variables differed between broods. 

A multivariate analysis of variance (MANOVA) was used to test for multivariate 

differences in morphology between broods.  

4.2.5.1 MIXTURE MODEL 

The distributions of swimming variables for individual broods showed visual 

differences in behavior. Mixture models were used on a subset of swimming variables (w, 

θ, NGDR, NGDRy, and P) to identify potentially distinct behavior modes, using the 

mixtools R package (Benaglia et al. 2009). This analysis uses an expectation-maximization 

algorithm to identify univariate normal distributions that will best sum to the observed 

overall distribution (component distributions). Mixture model analysis has been used to 

evaluate modes of behavior in larval gastropods (Fuchs et al. 2004), mussels (Fuchs and 

Dibacco 2011), and barnacles (DiBacco et al. 2011). Two component distributions were 
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specified for each analysis, and a bootstrapping routine was used to confirm that two 

components were sufficient. Mixture model results provide an estimation of the proportion 

of observations (λ1 and λ2) as well as the means (μ1 and μ2) of each component distribution.  

It was possible that modes of behavior, as described by component distributions, 

were present across the population and not specific to particular larval broods. Conversely, 

larvae from particular broods may exhibit different modes of behavior than others, and thus 

differ in component distributions. To test this, separate mixture models were performed for 

the distributions of each behavioral metric for each brood. A bootstrapping analysis was 

used to repeat brood-level mixture models for each variable by repeating random drawings 

of brood observations for each variable (N=1000) and determining whether the parameters 

for the overall distribution model (all broods) fell within the credible interval (2.5th and 

97.5th percentiles) of the individual brood models. If the component means of the full model 

fell within the credible interval of the brood-level model parameters, broods were said to 

have similar modes of behavior. If the proportions within each component were similar to 

the overall distribution, broods were said to have similar representation in each behavior 

mode.  

4.2.5.2 REGRESSION ANALYSIS 

Multiple regressions analysis was used to determine whether correlations were 

present between zoeal morphology and swimming behavior. Since it was not possible to 

have corresponding one-to-one measurements for individual zoea’s morphology and 

swimming behavior due to practical constraints, regressions were performed using 

individual broods as units of observation (N=9). Mean values of for each metric were 

calculated for zoeae across all three videos per brood. Swimming metrics were tested as a 
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function of morphological metrics in all instances. In the case of response variables S, Smax, 

w, and wmax, linear regressions were used, while for NGDR, NGRYy, P, and M, beta 

regressions were used (Ferrari and Cribari-Neto 2008). Beta regressions can be used to 

model proportions data (0,1) and assumes that values are described by a beta-distribution. 

In this regression model, coefficients are estimated that describe each variable’s 

contribution to the model’s mean and precision.  

While 13 morphometrics were measured, multiple collinearities were present, so a 

subset of morphologies was used as independent variables in all models, such that 

collinearity was minimized and metrics represented functional morphology.  This subset 

of morphometrics was chosen a priori based on hypothesized relationships to swimming-

related functionality. These included RDL, AD, AB, and SA, which relate to a one-

dimensional measure of size, drag-inducing cross-sectional area, a cross-sectional area 

related to burst swimming, and overall size of swimming appendages, respectively. 

Regressions were weighted by the standard deviation of the response variable (behaviors) 

for each brood. Beta regressions were performed using the betareg package in R (Cribari-

Neto and Zeileis 2010), and likelihood ratio test was performed on each (Zeileis 2002) to 

test for significance. The final model for the linear regressions was selected using a 

stepwise elimination of variables and choosing the model with the lowest AIC. For the beta 

regression models, all possible combinations of variables (for both mean and precision 

terms) was calculated, and the model with the lowest AIC was selected.  

It was hypothesized that maximum speed and velocity would be positively 

correlated with AB, as zoeae that can produce greater thrust during abdominal contractions 

should reach higher maximum velocities. We also hypothesized that AD would be 
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negatively correlated with all speed and velocity metrics, as the increase in drag should 

inhibit zoeal movement. Similarly, SA should be positively correlated with speed and 

velocity metrics, as longer appendages should produce more thrust during maxilliped 

oscillations. Lastly, we hypothesized that RDL would be positively correlated with NGDR, 

as spines help stabilize zoeae while swimming and may minimize erratic changes in 

direction.  

4.3 Results 

4.3.1 Morphological Observations 

Morphological measurements were made on 270 zoeae (30 from each of 9 broods). 

Multivariate morphology varied significantly between broods (MANOVA F(8,234), 

P<<0.01, Wilk’s Λ = 0.15). Individual morphometrics were not normally distributed 

(Shapiro-Wilk p<0.05), and brood morphology differed for all metrics measured (K-W, 

p<0.05; Table 4-1). Broods were divided into 4 to 7 statistically similar groups depending 

on the metric, but there were no obvious patterns in how broods grouped across metrics. 

These morphological differences were comparable to those seen by Caracappa and Munroe 

(2018). 

4.3.2 Swimming Behavior 

4.3.2.1 GENERAL CHARACTERISTICS 

A total of 1,350 zoeae (150 from each of 9 broods) were measured in video 

observations. Individual swimming tracks varied visually in terms of direction and pattern 

of motion. While some zoeae traveled in relatively straight trajectories, others moved 

erratically, and others barely moved at all (Figure 4-2). No behavioral metrics were 
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normally distributed (Shapiro-Wilk, p<0.05). K-W tests showed significant differences 

between broods for all behavioral metrics, with broods being split in 4 to 8 distinct groups 

(Table 4-2). Similar to the morphological differences between broods, a pair of broods may 

have been similar for one behavioral metric while differing for another (Figure 4-3). 

Table 4-2: Summary of behavioral metrics, abbreviations, and results of Kruskal-

Wallace (K-W) tests. s, smax, w, and wmax were measured in mm s-1. NGDR, 

NGDRy, P, and M were measured as ratios from 0 to 1. P values are adjusted using 

a Bonferroni correction. The Groups column shows the number of statistically 

distinct groups from pairwise K-W tests. 

Metric Description Median Min Max P Value Groups 

 s Median Speed 2.50 0.86 13.96 <0.01 6 

smax Maximum Speed 5.81 0.22 27.06 <0.01 4 

w Median Vertical Velocity 0.00 -9.96 9.83 <0.01 6 

wmax Maximum Vertical Velocity 0.00 -3.59 23.97 <0.01 4 

NGDR Net-to-Gross Displacement 

Ratio 0.62 0.02 0.99 <0.01 5 

NGDRy Vertical Net-to-gross 

displacement ratio 0.67 0.00 1.00 <0.01 7 

P Proportion of time moving 

upward 0.37 0.00 1.00 <0.01 8 

M Proportion of time in 

motion 0.92 0.24 1.00 <0.01 6 

 

All speed and velocity metrics exhibited negatively skewed distributions, with s, 

smax,and wmax having distributions with long tails and extending into high values.  The 

median vertical velocity was 0 mm s-1 and showed much less skew (Figure 4-3). We 

observed a wide range of speeds, where s varied from 0.86 to 13.96 mm s-1 and the fastest 

speed observed was over an order of magnitude higher than the median at 27.06 mm s-1 

(Table 4-2).  
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Figure 4-2: Four example tracks of zoeae with the same relative starting position. 

Tracks show examples of zoeae that moved primarily upward (light blue) and 

downward (dark blue), as well as those that move with a high path efficiency (red) 

and low path efficienty (brown). 
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Zoeae exhibited a bimodal distribution in swimming direction (θ), with peaks about 

±10° from vertically upward or downward (Figure 4-3). Similarly, the proportion of time 

zoeae spent swimming upward (P) also had a bimodal distribution with peaks at relatively 

low (0.21) and high (0.81) proportions. Zoeae’s swimming paths were moderately straight 

with a unimodal distribution of NGDR and a median of 0.67, which is substantially 

straighter than random motion (~0.03).  In comparison, the distribution of NGDRy was 

bimodal with a large peak at 0.87 and a smaller peak at 0.24 (Figure 4-3 and Figure 4-4). 

This closer to the NGDR described by random motion, but still attains some net direction. 

Zoeae that swam with the highest NGDR were moving either directly upward or 

downward. Those that were swimming more horizontally tended to have a much lower 

NGDR.  Zoeae spent a high proportion of time in motion (M), resting little during 

observations, with a strong peak at 0.97 (Table 4-2).  

4.3.2.2 MIXTURE MODEL 

The mixture model showed two significant component distributions for each 

behavioral metric (θ, P, NGDR, NGDRy, w, and s; Figure 4-4), corresponding to two modes 

of behavior for each metric. The overall distributions of swimming angle (θ) and the 

proportion of time upward (P) showed very similar components (Table 4-3). Zoeae 

grouped into nearly equally proportioned orientations, swimming either nearly straight 

upward (89°) or downward (254°) with slightly more zoeae in the downward mode. The 

majority of zoeae (60%) spent most of their time swimming downward (P=0.2), while the 

other group (40%) spent most of their time swimming upward (P=0.8; Table 4-3). Mixture 

models for individual broods showed that broods had component distributions for θ and P 

with similar means, but the proportion exhibiting each behavior varied between broods 



94 

 

 

(Table 4-4). The upward oriented component varied from 23% to 78% across broods, and 

the downward component ranged from 22% to 77%. 

 

Figure 4-3: Violin plots showing the distribution of w, θ, and NGDRy for all nine 

broods (A through I) observed in this study as well as the overall distribution 

(ALL). Points and line ranges within violins show the median and bootsrapped 

confidence intervals for each brood. Horizontal bars above violins show 

statistically similar groups of broods from Kruskal-Wallace tests. 150 zoeae were 

observed for each brood.   
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Regarding the path straightness of trajectories for all larvae, both NGDR and 

NGDRy had similar component distributions, both in the proportions and means for each 

group (Table 4-3). In both cases a slight minority (38%) of zoeae swam with less straight 

paths (low NGDR), which again are closer to random motion but with some directionality. 

However, the majority of zoeae (62%) swam straighter paths with much higher NGDR 

(Table 4-3). Individual broods had similar low and high NGDR components, both in the 

means and proportions within each group.  

 

Figure 4-4: Results of mixture model analysis on θ, P, NGDR, NGDRy, w, and s. 

Solid lines show the distribution of each metric for all zoeae observed in this study 

(N=1350). The first (λ1, dashed lines) and second (λ2. dotted lines) components 

are shown as well as the proportion of observations within each component.    
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There was less agreement between behavioral groups when analyzing speed (s) and 

vertical velocity (w). Across all broods, a large majority of zoeae (90%) had a very low 

vertical velocity (0.09 mm s-1), where zoeae are effectively hovering in place (Table 4-3). 

This is in contrast to a much smaller component of zoeae (10%) that swam substantially 

faster (4.28 mm s-1). The proportions within each component group were similar for s and 

w, but zoeae swam generally faster in regards to speed, with component means of 2.11 and 

6.38 mm s-1. The analysis for individual broods showed that the proportions within each 

component were similar to the overall distribution of both s and w (Table 4-4), but the 

means of each component were only similar for w (Table 4-4). There was brood-level 

variation in mixture model results for s and w, such that one brood exhibited the opposite 

proportionality of each component for the overall distribution with 87% of zoeae 

swimming at higher velocities. Additionally, the faster swimming component had a mean 

varying from 3.25 to 8.21 mm s-1 across broods. Thus, although individual broods did show 

some similarity to the overall distribution, between broods there was much less consistency 

in component parameters for s and w than for the other variables. 

Table 4-3: Results of the mixture model on all zoeal observations showing the 

proportions (λ1 and λ2) and means (μ1 and μ2) of each component distribution. 

Means for median speed (s) and median vertical velocity (w) were measured in 

mm s-1, mean angle of motion (θ) was measured in degrees, and net -gross 

displacement ratio (NGDR), vertical NGDR (NGDR y), and proportion of time 

moving upward (P) were measured as ratios.  

Metric λ1 λ2 μ1 μ2 

s 0.92 0.08 6.38 6.38 

w 0.90 0.10 0.09 4.28 

θ 0.52 0.48 89.20 254.00 

NGDR 0.38 0.62 0.38 0.74 

NGDRy 0.38 0.62 0.28 0.81 

P 0.60 0.4 0.20 0.81 
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Table 4-4: Results from bootstrapped mixture model analysis on brood-level 

distributions of swimming variables. Ratios show the proportion of broods that 

have similar component parameters to the mixture model of the overall 

distribution. Since λ2 is the reciprocal of λ1, it was excluded from this analysis.  

Metric λ1 μ1 μ2 

s 0.78 0 0.56 

w 0.67 0.56 0.56 

θ 0.44 0.56 0.89 

NGDR 0.78 0.89 0.78 

NGDRy 0.67 0.89 0.78 

P 0.33 0.89 0.56 

4.3.3 Morphology and Behavior 

Morphological metrics generally showed some degree of correlation with observed 

behavioral characteristics (Table 4-5). Overall, zoeal morphometrics showed high 

collinearity, as many relate to the absolute size of zoeae. By a step-wise removal of highly 

correlated variables, four morphometrics were chosen as the independent variables for the 

regression analysis (RDL, SA, AD, and AB). Since it was not possible to have paired 

observations for swimming and morphology of individual zoeae, the regressions in this 

study represent trends across groups of zoeae from the same brood.  

AD was hypothesized to be negatively correlated with all speed and velocity 

metrics, but the opposite was found. AD was positively correlated with s, smax, wmax, NGDR, 

and NGDRy, such that zoeae, that should be experiencing higher drag while swimming, 

swam faster and had straighter swimming paths (Table 4-5). Swimming appendage length 

(SA) was hypothesized to be positively correlated with speed and vertical velocity. This 

was partially true, as longer swimming appendages were positively correlated vertical 

velocity and path straightness and resulted in zoeae spending more time swimming upward 

and in motion, but SA was not related to absolute speed. Larger zoeae (higher RDL) also 

had higher vertical velocities, spent more time swimming upward (higher P), and spent 
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more time in motion (higher M). The hypothesis that smax and wmax would be positively 

correlated with AB was not supported by these results. Interestingly, s was negatively 

correlated with AB, where even though zoeae could produce more thrust from abdominal 

contractions, they moved more slowly on average. Though only some of our hypotheses 

were confirmed by this analysis, morphological differences provide a partial explanation 

for behavioral differences between broods. 

Table 4-5: Results of multiple regression of swimming metrics as a function of 

morphological metrics (RDL, SA, AD, and AB). Columns with morphological 

metrics show the regression coefficients of the metrics used in each model. 

Swimming metrics marked with an asterisks (*) denote that a beta regression was 

used. Values in parentheses denote coefficients for the precision parameter of the 

beta regressions. P values are adjusted with a Bonferroni correction.  

 

Swimming Metric 

 

Intercept 

 

RDL 

 

SA 

 

AD 

 

AB 

 

Model 

R2 

 

Model 

p-value 

s -1.4 - - 29.3 -86.9 0.67 0.15 

smax -18.5 - - 77.0 - 0.83 <0.001 

w -23.84 9.0 36.7 - - 0.65 0.018 

wmax -17.4 - 30.5 11.0 - 0.61 0.024 

NGDR* 
-3.5 

(-29.9) 
- - 

8.7 

- 

- 

111.2 
0.42 <0.001 

NGDRy* 
-6.1 

(-39.7) 
- 

15.0 

- 

- 

140.3 
- 

0.49 

 
<0.001 

P* 
-21.8 

(-131.6) 

14.4 

(42.7) 

21.8 

(222.0) 
- - 0.63 <0.001 

M* 
-12.8 

(-47.8) 

18.3 

- 

11.8 

- 
- 

-68.8 

(778.5) 
0.27 <0.001 

 

4.4 Discussion 

4.4.2 Swimming Behavior 

The swimming behavior of C. sapidus zoeae under various laboratory conditions 

has been well-documented. Sulkin et al. (1980) found that first stage C. sapidus zoeae show 

a strong negative geotaxis and high barokinesis at pressures greater than 1 atm. While 
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Sulkin et al. observes generally positive phototaxis in zoeae, Forward and Buswell (1989) 

show that phototaxis can be modulated by light intensity, where at high intensities more 

zoeae are negatively phototactic. However it is difficult to directly compare these studies, 

as the light intensity used by Sulkin et al. was an order of magnitude higher than that used 

by Forward and Buswell. First stage C. sapidus zoeae also respond to rapid decreases in 

pressure by swimming downward. The combinations of these behaviors facilitate export 

from estuaries and explain the near-surface distribution of C. sapidus zoeae (Epifanio and 

Cohen 2016). 

In this study, about 80% zoeae exhibited a hovering behavior, with a near-zero 

vertical velocity, and nearly 20% showed no net vertical displacement. Given that in field 

observations, C. sapidus larvae are almost exclusively found in near-surface waters 

(Epifanio 1995), it makes sense that a substantial fraction of larvae did not show any net 

movement. This hovering behavior may also be the result of the shallow depth of aquarium 

being insufficient to induce a strong barokinetic response (Sulkin et al. 1980). However, it 

is worth noting that a lack of vertical displacement does not equate to a lack of activity or 

energy expenditure. Zoeae are still moving horizontally, and the lack of a near-zero 

component for speed metrics confirms this. Additionally, even without net displacement, 

hovering still necessitates an energetic cost to counter their negative buoyancy. 

The bimodal distribution of zoeal orientation was somewhat unexpected. Near-

surface field observations (Epifanio 1995) and the consistent upward swimming in other 

studies (Sulkin et al. 1980), would suggest that zoeae should not exhibit downward 

swimming, especially at the lower portion of the aquarium. Though negative vertical 

velocity could be attributed to passive sinking, negative vertical velocities often exceeded 
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a zoeae’s terminal sinking velocity. Since the depth of the observation container was 

shallow (10 cm) and zoeae were not observed to aggregate on the bottom in any trial, 

presumably the downward swimming zoeae were returning to the surface out of the 

camera’s frame. This potential vertical oscillation would be on a small scale (~10 cm), and 

is thus not necessarily inconsistent with field observations (Provenzano 1983; Epifanio 

1995). Additionally, the bimodal distribution of swimming directions is similar to that 

observed by Forward and Buswell (1989) in dark conditions.  

First stage C. sapidus zoeae must be able to swim enough to overcome passive 

sinking and turbulent mixing in near-surface waters, while also minimizing the energetic 

expenditure of locomotion. We propose a hypothetical optimized vertical swimming 

behavior, where optimally swimming zoeae should then be those swimming upwards with 

a high NGDR and oriented close to 90° upward. By this definition, zoeae meeting these 

criteria would be minimizing their energetic expenditure for vertical displacement. Not all 

zoeae observed in this study would be considered optimal swimmers by this definition. 

Mixture model results showed that for each behavior metric, component distribution could 

be categorized into optimal and non-optimal modes of behavior (upward versus downward 

swimming, slow versus fast swimming, less-directional versus straight paths). By this 

definition, 26% of all zoeae observed would meet these optimal swimming criteria. In 

contrast, for individual broods this proportion varies from 6% to 42%, showing that brood-

level differences in behavior may influence swimming ability. Optimized vertical 

swimming is not the only consideration for larval behavior, and while this experiment was 

not designed to address the energetics and efficiency of swimming, the persistence of 
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brood-level variation in behavior suggests that energetic considerations may vary between 

broods. 

Zoeae are highly sensitive to a variety of environmental conditions (Epifanio and 

Cohen 2016), and thus the swimming behaviors observed in this study should not be 

interpreted as entirely representative of wild behavior. Differences between experimental 

and natural conditions, as well as the influence of experimental artefacts, do not allow a 

definitive assessment of optimal swimming behavior or the presence of behavioral modes 

in the wild from this study. Collapsing three-dimensional swimming behavior into two 

dimensions results in an underestimate of velocities. Additionally, because of the practical 

need to observe multiple larvae in a single video, zoeae may interact with each other prior 

to coming within the camera’s field of view. Zoeae may also be influenced by the proximity 

to the outer walls of the observation aquarium. Some of these wall effects should be 

mitigated as the camera was focused on the center of the tank (4 cm from the side walls 

and) and the aquarium size was comparable to those used in similar studies (Ford et al., 

2005; Forward and Buswell, 1989; Sulkin et al., 1980). However, the camera was fixed 

fairly close (1 cm) from the bottom, which may have excluded behaviors near the surface 

and introduced interactions with the bottom. 

Other environmental conditions can also cause our results to differ from natural 

behavioral responses. Zoeae are very sensitive to light parameters, specifically the 

wavelength, intensity, and angular distribution of the light source (Epifanio and Cohen 

2016). Collimated light used in this experiment does not accurately represent the natural 

light distribution in shallow water, and has been shown to change the phototactic response 

in Rhithropanopeus harrisii (Forward et al. 1984; Forward and Buswell 1989). Coastal 
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oceans are turbulent environments, and several studies have demonstrated that small-scale 

turbulence can influence zooplankton swimming behavior in bivalves (Fuchs and Dibacco, 

2011), gastropods (Fuchs et al. 2018), enchinoderms (Roy et al. 2012), and copepods (Saiz 

and Alcaraz 1992).  Since this study was conducted in still water, potential behavioral 

changes in response to turbulence would not be present. Lastly, zoeae were not fed prior to 

observations, and the presence of food can alter swimming behavior in zoeae (Cronin and 

Forward 1980). Regardless of the inaccuracies in simulating natural conditions, all 

observed zoeae still experienced similar environmental parameters, and thus, comparisons 

of behavior among and between groups of zoeae are still valid. 

4.4.2 Morphology and Behavior 

Theoretically, morphological characteristics of zoeae should have some impact on 

swimming ability. Carapace spines are thought to stabilize zoeae while in motion, and to 

decrease passive sinking rates (Smith and Jensen 2015). It is also possible that swimming 

stabilization would result in straighter swimming trajectories (high NGDR). Zoeae produce 

thrust via rapid oscillations of their maxillipeds, where thrust is proportional to the 

morphology and movements of maxillipeds and setae (Chia et al. 1984). The angular 

velocity and spread of setae also influence thrust and were not able to be measured in this 

study. By contracting their abdomens, zoeae are able to quickly change direction and create 

a burst of speed (Foxon 1934), which is dependent on both the speed of the contraction and 

the cross-sectional area of their abdomens. The overall size and shape of zoea, particularly 

that of the carapace, relates to the drag induced while swimming (Chia et al. 1984). As 

larvae become larger or have carapaces with a disproportionately larger dorsal cross-
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sectional area (AD), more drag is experienced while swimming and thus more thrust must 

be produced to move at a given velocity.  

Some of the theoretical relationships noted above between morphology and 

swimming ability were not observed in this study. This is especially evident in the fact that 

dorsal cross-sectional area was not negatively correlated with any speed or velocity 

metrics, despite the notion that larvae experiencing more drag would swim more slowly. It 

is possible that there are mechanistic changes in how zoeae swim (e.g. increasing the 

angular velocity or beat frequency of swimming appendages) that overcompensate for the 

increase in drag.  Also unexpectedly, swimming appendage length (SA) was only 

positively correlated with median vertical velocity (w) but not swimming speed (s). This 

may be due to the fact that swimming vertically requires more force to counteract negative 

buoyancy, and thus the increased thrust from longer swimming appendages is more 

important for swimming upward. Interestingly, abdominal cross-sectional area (AB) was 

only negatively correlated to speed but not velocity. This indicates that abdominal 

contractions may play a smaller role in determining swimming velocity than hypothesized. 

Regarding the swimming path straightness (NGDR and NGDRy), zoea with larger 

dorsal areas (AD) and swimming appendages (SA) swam in straighter trajectories. The 

reason for this is unknown, but increased drag and longer appendages may cause rapid 

changes in direction energetically disadvantageous. Zoeae with larger swimming 

appendages might also rely more on cruise rather than burst swimming, as abdominal 

contractions would cause more erratic motion with a lower NGDR.  
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Zoeae that swam upwards more often (higher P) could produce more propulsive 

thrust (higher SA), which is consistent with our hypotheses, but zoeae that have longer 

spines (higher RDL) are also more likely to swim upward. Carapace spines have been 

demonstrated to increase the hydrodynamic stabilization of zoeae while swimming and 

prevent tumbling (Smith and Jensen 2015), which could help keep zoeae oriented upward, 

especially given their negative geotaxis. The proportion of time spent in motion (M) was 

negatively correlated with abdominal area (AB), possibly because zoeae that can travel in 

shorter, faster bursts do not need to spend as much time swimming.  

A caveat for this type of analysis, though, is that it was not possible to directly 

compare the morphology and behavior for individuals, and so we are only able to highlight 

the trends of groups of individuals on the level of larval broods. Additionally, while some 

of the variation in swimming ability and efficiency can be explained by differences in 

morphology, there are likely other factors that influence swimming that were not addressed 

in this study. These included variation in environmental responses and swimming 

mechanics. It is possible that how zoeae respond to their environment (temperature, 

salinity, light, etc.) differs between broods. Observations in this study were performed just 

after hatching, and differences in the energetic content of eggs between broods may vary 

the amount of energy reserves zoeae can spend on swimming. Modeling studies have 

demonstrated the effect of differing appendage morphology and kinematics on the 

swimming efficiency of copepods (Morris et al. 1985; Williams 1994). However, there 

have been no studies testing sensitivity of swimming behavior to changes in morphology 

in zoeae. Our results indicate that morphology can influence zoeal swimming behavior, but 
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a more complete mechanistic model of swimming may be required to determine the precise 

relationships between morphology and swimming behaviors. 

4.5 Conclusion 

Our study has demonstrated that for early Callinectes sapidus zoeae, swimming 

behavior is highly variable, not only for swimming velocity, but also for orientation and 

path efficiency. This variation is partially explained by brood-level differences in 

morphology, but substantial variation exists within broods as well, irrespective of 

morphology. Mixture model results showed that both among all zoeae sampled and among 

zoea from individual broods, there exist two main modes of behavior for each metric that 

could be described as hovering versus swimming, orienting upward versus downward, and 

low versus high path straightness. When assessing metrics individually, a majority of zoeae 

hover, orient upward, and swim in straighter paths. Generally, morphology explains some 

of the variation in swimming behavior. Although some hypothetical relationships were not 

confirmed. For example, zoeae that would seemingly experience more drag swim at higher 

velocities and with straighter paths. Additionally maxilliped size appears to be more related 

to vertical velocity than abdomen size. Future studies modelling C. sapidus kinematics or 

larval dispersal should incorporate behavioral and morphological variability that may differ 

among subsections of the population.  
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Chapter 5: Implications of Brood-Dependent Larval 

Transport for Blue Crabs Callinectes sapidus 

Abstract 

Blue crabs (Callinectes sapidus) support valuable fisheries in the US mid-Atlantic, 

and their unpredictable and variable recruitment suggests that a better understanding of 

larval development and dispersal is needed. Blue crab larval dispersal involves export to 

the continental shelf followed by re-entry of estuaries. Transport is facilitated by wind and 

buoyancy-driven surface currents, and zoeae generally maintain a near-surface 

distribution. Though several studies have investigated larval dispersal, none have evaluated 

the effects of varying individual swimming behavior on transport. This study simulates 

larvae with observed swimming and sinking velocities, as well as observed brood-

dependent behavior, within an idealized wind-driven estuarine plume. Model results 

showed that larval transport was predominately influenced by wind speed, but transport 

was significantly modified by behavioral characteristics. Faster swimming larvae were 

more able to maintain a near-surface position despite vertical diffusivity, such that in all 

model scenarios larvae travelled further and held different vertical distributions than 

passive particles. Model results show up to a 1.7 fold difference in transport between 

broods and up to a 4.9 fold difference in transport across all larvae. These results indicate 

that behavior and its variability may be an important factor in C. sapidus larval dispersal 

and should be better defined empirically, and incorporated into future models. 
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5.1 Introduction 

Blue crab (Callinectes sapidus) larval dispersal has been a topic of research over 

the past 50 years. High inter-annual variability in recruitment creates challenges for long-

term management, and prediction of recruitment has not been achieved; therefore, critical 

gaps in the understanding of early life stage processes still remain. While models of C. 

sapidus larval dispersal exist for the mid-Atlantic (a thorough review can be found in 

Epifanio and Cohen, 2016), it is not yet possible to accurately predict the spatio-temporal 

patterns of recruitment. Studies have identified the potential for larval behavior to influence 

dispersal dynamics (Shanks 2009); however, to our knowledge, there have been no models 

of C. sapidus larval dispersal that incorporate behavior explicitly. Several laboratory 

studies have identified complex swimming behavior with many environmental triggers 

(Sulkin et al. 1980; Forward and Buswell 1989; Epifanio and Cohen 2016), yet models 

typically treat larvae as passive particles moving within the upper few meters of the water 

column (Johnson and Hess 1990; Garvine et al. 1997; Tilburg et al. 2009).  

After hatching near the mouths of estuaries, blue crab larvae (zoeae) swim to the 

surface and are exported onto the continental shelf, where they undergo 7 to 8 molt stages 

(over a 30-40 day duration) before metamorphosis (Costlow and Bookhout 1959). Current 

understanding of larval dispersal in the mid-Atlantic (Epifanio and Tilburg 2008) has 

larvae carried southward via a near-shore buoyancy-driven surface current. Recruitment 

back to their parental estuary can occur when upwelling drives larvae offshore where a 

counter-current carries them northward, eventually reentering estuaries during wind-driven 

downwelling events. This hypothetical pathway for larvae necessitates that they remain in 

these surface currents.  
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Though it is generally understood that blue crab zoeae maintain a near-surface 

distribution (Epifanio 1995), field sampling shows their vertical position can extend several 

meters below the surface (Smyth 1980; Provenzano 1983). There is no indication whether 

or not this is caused by behavior or is due to vertical mixing. Laboratory studies have 

demonstrated swimming responses of C. sapidus zoeae to temperature, salinity, light, 

gravity, and pressure (Sulkin et al. 1980; Forward and Buswell 1989). Together, the 

contemporary understanding of zoeal depth-regulation has early stage larvae exhibiting 

negative geotaxis and high barokinesis, resulting in continual upward swimming (Sulkin 

1984). Once at the surface, zoeae must presumably stop swimming for some time and 

resume swimming once triggered by depth or time-dependent cues. Additionally, the 

presence of a mixed layer with variable degrees of turbulence means that zoeae may not 

always be able to stay within the neuston.  

Swimming ability for C. sapidus zoeae is a function of both behavior and 

morphology. Larvae swim predominantly by oscillating their maxillipeds. The attached 

setae are fanned during their power stroke and are retracted on the recovery stroke to 

produce net thrust (Velazquez 2016). The amount of thrust they can produce is proportional 

to length and cross-sectional area of these appendages as well as the angular velocity and 

period of oscillations. The overall size and shape of the larval carapace can influence the 

drag larvae experience, with more drag occurring for larvae with a larger cross-sectional 

area (dorsal while swimming and anterior while sinking; Figure 1-2). Early zoeal stages 

exhibit negative geotaxis, high barokinesis, and positive phototaxis at high light intensities 

(Sulkin et al. 1980), explaining their near-surface vertical distribution. However, there is 

no evidence for diel or tidal vertical migrations (López-Duarte and Tankersley 2007). 
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Recent studies have shown that blue crab larvae exhibit substantial variability in 

morphological (Caracappa and Munroe 2018) and behavioral (Caracappa and Munroe 

2019) characteristics. This variability particularly relates to the size of larvae (Caracappa 

and Munroe 2019). In addition to population-level variability, individual broods of larvae 

can be morphologically and behaviorally distinct (Caracappa and Munroe 2018, 2019). A 

3-fold difference in swimming velocity has been observed between broods, which is 

partially explained by morphological variation (Caracappa and Munroe 2019). This degree 

of brood-level variation, when applied to physical processes during dispersal, may 

potentially result in differences among brood-level larval transport. If larvae from some 

broods are dispersed differently than others, a better understand population-level dynamics 

in blue crab dispersal and recruitment may be possible.  

Circulation on the inner continental shelf, where mid-Atlantic C. sapidus larvae 

develop, is governed primarily by the buoyant outflow of large riverine estuaries and wind-

driven Ekman dynamics (Garvine et al. 1997). Buoyancy gradients created by estuarine 

plumes drive a southward inshore current (Yankovsky et al. 2000). Episodic and seasonal 

changes in wind direction can cause offshore or inshore transport of near-surface waters, 

where a northward countercurrent can occur (Johnson et al. 1984). Additionally, sheared 

currents can be generated by wind-stress and friction between water layers (Richman et al. 

1987; Craig 1996). Wind stress and breaking waves can result in vertical diffusivity that 

increases with until some intermediate depth (Visser 1997), resulting in turbulent motion 

influencing larvae’s vertical position.  

The goal of this study was to investigate the potential for behavioral-physical 

interactions to alter the dispersal of C. sapidus larvae, based on observational and 
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experimental data. This was done through model simulations in an idealized estuarine 

plume over the continental shelf. Specifically, our objectives were to (1) determine the 

degree to which blue crab larval behavior influences larval transport, (2) identify if 

variation in behavioral traits significantly alters dispersal trajectories, and (3) determine 

whether brood-level behavioral differences may result in differences in transport.  

5.2 Methods 

5.2.1 Model Design 

Larval transport was simulated in a two-layer idealized estuarine plume over a 

continental shelf with an unbounded horizontal plane and 50 m depth. Horizontal 

movement was driven entirely by a wind-driven Ekman current profile under constant 

northward wind-stress. Simulations were set to be in the northern hemisphere with positive 

x (U velocity) as eastward, and positive y (V velocity) as northward. No vertical velocity 

was present, except for that generated from vertical diffusivity. 

The depth of the estuarine plume (zp) was determined based on a model by Fong 

and Geyer (Fong and Geyer 2001).  

 

𝒛𝒑 =  [
𝟒 (

𝝉
𝝆𝟎

)
𝟐

𝒈 (
𝚫𝝆
𝝆 )

]

𝟏
𝟑

 

(5.1) 

where ρ0 is the mean density of seawater within the plume, ρ is the density of the bottom 

layer (1023 kg m-3), Δρ is the difference in average density between both layers, g  is the 

gravitation acceleration (9.8 m s-2), and τ is the wind stress, which was estimated from free-

stream wind speed using an empirical relationship (Large and Pond 1980).  
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Current profiles were then defined using a steady-state Ekman system with a 

constant northward wind (Pond and Pickard 1983) 

 
𝑈(𝑧) =  

√2𝜋𝜏
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(5.2) 
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(5.3) 

where f is the Coriolis parameter (10-4 s-1), z is the depth in meters. In all model scenarios, 

a constant wind was applied at one of 3 levels (5 ms-1, 10 ms-1, 15 ms-1), which 

encompasses the range in wind speed seen from the  NOAA NDBC CMAN4 station in the 

mouth of Delaware Bay, USA. Two different plume configurations were also used. The 

first was a shallower plume with a ρ0 of 1019 kg m-3, and the second was a deeper plume 

with a ρ0 of 1020 kg m-3. Plume configurations are hereafter referred to as plume types. 

These densities were based on observations from Whitney and Garvin (2005), from vertical 

salinity profiles made during the time C. sapidus zoeae hatch. Together these wind speeds 

and plume depths made six different velocity profiles (Figure 5-1) each with a different 

plume depth (Table 5-1). 

Table 5-1: Plume depth (zp) for each configuration of plume type and wind speed.  

Plume Type Wind Speed (ms-1) zp (m) 

Deeper 5 2.52 

Deeper 10 6.36 

Deeper 15 12.91 

Shallower 5 2.29 

Shallower 10 5.78 

Shallower 15 11.73 
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Figure 5-1: Vertical profiles from combinations of plume densities (columns) and 

wind speeds (rows). Horizontal velocity in the x (red) and y (blue) directions are 

shown by solid lines. Plume depth (zp) is denoted by the black dashed line.  

 

A vertical diffusivity (Av) profile was also specified by 

 

𝑨𝒗 =  {
𝒖∗𝚱𝒛 (

𝑯 − 𝒛

𝑯
) −𝒛𝒑 ≤ 𝒛 ≤ 𝟎

𝟓 × 𝟏𝟎^ − 𝟔 𝒛 <  −𝒛𝒑

 (5.4) 

where κ is the Von Kármán constant (0.4), H is the water column depth (50 m), and u* is 

the shear velocity defined by  

 

𝒖∗ =  √
𝝉

𝝆𝟎
  (5.5) 



117 

 

 

The value for the background diffusivity (5 × 10-6 m2s-1) was based on Fong and Geyer’s 

model (2001). This produced a profile that was dependent on wind speed with a maximum 

Av at one half the plume depth. A cubic spline was used to create a differentiable Av profile 

at the bottom of the plume (i.e. pycnocline), as well as the first derivative of the profile. 

Different Av profiles were also generated for each combination of wind speed and plume 

density (Figure 5-2).  

 

Figure 5-2: Vertical diffusivity profiles over the top half of the model depth. 

Profiles are shown for 5 ms -1 (red), 10 ms-1 (blue), and 15 ms -1 (yellow), as well 

as the shallower (dashed lines) and deeper (solid lines) plume configurations.  

5.2.2 Larval Behavior 

Swimming behavior in this model has larvae swim upward and, once near the 

surface, passively sink until they reach a pre-determined depth trigger (Dmax). Since the 

precise nature of this depth trigger is unknown, Dmax was given three possible values (0, 

1.5, and 3m). When larvae have a nonzero Dmax, they vertically oscillate between the 

surface and their Dmax in a sawtooth pattern when diffusivity is absent. This behavior differs 

from depth tracking, as there is no evidence that larvae aggregate at any non-surface depths, 
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but it does represent a type of depth-regulation. A Dmax of 0m results in constant upward 

swimming regardless of depth, and the others are within the vertical distribution observed 

in field studies (Provenzano 1983). 

It is now understood that first stage C. sapidus zoeae exhibit significant brood-

dependent morphology and swimming velocities (Caracappa and Munroe 2018, 2019); 

therefore, I incorporated this known variation in our model, using empirical relationships 

between swimming velocity and morphology. This approach was taken because there is no 

available data on paired swimming and sinking behavior for individual larvae on the basis 

of larval broods.  

A full description of the methods used to generate swimming and sinking velocity 

can be found in Appendix C. Four larval broods (A through D) were selected from 

Caracappa & Munroe (2019), such that between broods, significant differences in both 

morphology and swimming velocity were present (Figure 5-3). It is important to note that 

these brood names do not correspond to the ones used in Chapter 3. The overall distribution 

of all larvae measured in that study was also used (O), making 5 larval groups in total. 

Since paired observations of individual zoeal swimming and sinking velocities are not 

available, individual swimming and sinking velocities were generated from empirical 

relationships to a strongly correlated morphometric, the dorsal cross-sectional area (AD). 

Upward swimming velocity (Wswim) was best approximated by the exponential function 

𝑊𝑠𝑤𝑖𝑚 = 0.04 𝑒1.06 ×107𝐴𝐷+𝜀 (p≪0.001, R2 = 0.41; Figure 5-4), where ε is a normally 

distributed error term with a mean of 0 and a standard deviation equal to that of the 

residuals of the regression. An exponential function was used to prevent negative Wswim 
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for smaller larvae. Random values of AD were drawn from observed distributions within 

each larval group, and a corresponding Wswim was generated.  

 Sinking velocity (Wsink) was estimated based on morphology according balance of 

drag and buoyancy and by the equation: 

 

𝑊𝑠𝑖𝑛𝑘 = √
2𝑔𝑉𝐿(𝜌𝐿 − 𝜌𝑓)

𝜌𝑓𝐴𝐴𝐶𝐷
 

 

(5.6) 

Where g is the gravitation acceleration (9.8 m s-2), ρL is the density of larvae (1066 

kg m-3: Fuchs and Low, unpublished data.), and AA is the anterior cross-sectional area of 

larvae (in their sinking orientation). CD is the drag coefficient of larvae (White, 1974): 

 
𝐶𝐷 =  

24

𝑅𝑒
+

6

1 + √𝑅𝑒
+ 0.4 

 

(5.7) 
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Figure 5-3: Relationship between dorsal cross-sectional area (AD) and larval 

swimming (A) and sinking (B) velocity. Red lines shows the results of the log -

linear regression for swimming velocity (R2 = 0.39, p < 0.001) and the linear 

regression for sinking velocity (R2 = 0.30, p ≪ 0.001). Both show larvae from the 

overall distribution (group O).  

 

Re is the Reynolds number, defined by 
𝐶𝐿 × 𝑊𝑠𝑖𝑛𝑘

𝜈
 where CL is the carapace length 

(the characteristic length) of larvae, and ν is the kinematic viscosity of seawater (0.001 kg 

m-1s-1). This formulation of CD is valid for objects with Re from 1 to 2 × 105 (White, 1974) 

and encompasses the typical range of zoeal Re. Wsink was solved for numerically. Linear 

regressions were used to generate AA, CL, and VT from AD. For AA the equation was 
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𝐴𝐴 = 0.58𝐴𝐷 + 4.32 ×  10−8 + 휀 (p ≪ 0.001, R2=0.68) 

(5.8) 

 Similarly,  

 
𝐶𝐿 = 534𝐴𝐷 + 2.04 ×  10−4 + 휀 (p ≪ 0.001, R2=0.46) 

(5.9) 

and  

 
𝑉𝑇 = 1.57 × 10−4𝐴𝐷 − 1.08 × 10−11 + 휀 (p ≪ 0.001, R2=0.70) 

(5.10) 

Together, this allowed empirically-based distributions of Wswim and Wsink to be generated 

for individual larval broods (Table 5-2) while also enabling individual-level variation. 

Table 5-2: Median swimming (Wswim) and sinking (Wsink) velocity and median 

absolute deviation for each larval group. 

Larval Group Wswim (mm s-1) Wsink (mm s-1) 

O 1.25 ± 0.77 1.97 ± 0.34 

A 2.56 ± 1.39 2.27 ± 0.30 

B 1.74 ± 0.93 2.11 ± 0.30 

C 1.16 ± 0.61 1.93 ± 0.31 

D 0.98 ± 0.52 1.86 ± 0.32 

 

5.2.3 Inclusion of Turbulent Motion 

Turbulence was incorporated into the vertical motion of particles using Ross & 

Sharples’ (2004)  method whereby the vertical position of larvae (z) was determined by the 

discrete-time process:  

 

𝑧𝑛+1 =  𝑧𝑛 +  
𝛿𝐴𝑣(𝑧𝑛)

𝛿𝑧
∆𝑡 + 𝑅 [

2

𝑟
𝐴𝑣 (𝑧𝑛 +

1

2

𝛿𝐴𝑣(𝑧𝑛)

𝛿𝑧
∆𝑡) ∆𝑡]

1/2

+ 𝑊𝑝∆𝑡 

 (5.11) 

Where n is the time step index, ∆t is the discrete time increment (1s), R is a uniformly 

distributed random number between -1 and 1, r is the variance of the uniform distribution 
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(1/3), and Wp is the directed particle velocity (Wswim or Wsink) depending on the orientation. 

The second term is deterministic and moves particles towards depths of increased 

diffusivity. The third term is random motion that increases nonlinearly with depth. The 

final term represents the directed motion of larvae.  

A simple reflective boundary was used such that deviations above or below the top 

and bottom boundary were redirected proportionally inwards 

 

𝑧𝑛+1 {
−𝑧𝑛 𝑧𝑛+1 >  0

2𝐻 + 𝑧𝑛+1 𝑧𝑛+1 < −𝐻
 

 

(5.12) 

5.2.4 Model Scenarios 

 All models were implemented in R (R Core Team 2015). In all model 

configurations, 10,000 particles were released. This number exceeds that needed to reach 

less than 5% unexplained variance described by Simons et al. (2013) and allows for a 

smooth distribution of particle positions. A timestep of 1s was used, which meets criteria 

specified by Ross and Sharples (2004). For each timestep, horizontal and vertical 

displacements were applied based on the vertical velocity and diffusivity profiles specified 

for each model configuration. When behavior was present, particles would swim upwards 

until reaching the surface then begin sinking until they reached their Dmax. All particles 

were released at 1m depth for 4 days simulated time, with position output saved every 10 

minutes.  

 Two distinct model scenarios were constructed. In the first scenario (behavior 

model), larval behavior was present, and configurations included all combinations of wind 

speed (3), plume density (2), Dmax (3), and larval group (5), for a total of 90 model 
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configurations. The second scenario was a passive control simulation (passive model) 

where particles were neutrally buoyant and no behavior was present (Wswim = 0 ms-1
 and 

Wsink = 0 ms-1). Particle trajectories were simulated for all combinations of wind speed (3) 

and plume density (2), for a total of 6 configurations.  

5.2.5 Statistical Analysis 

All statistical analyses were performed in R (R Core Team 2015). For each model 

configuration, the final position of particles was vectorized in the x-y plane to obtain the 

net transport distance (S). The net-transport in the x (along-plume) and y (cross-plume) 

directions were also calculated, Xnet and Ynet, respectively. Since the distributions of S were 

sometimes skewed or irregular, medians were used as the central statistic with the median 

absolute deviation (MAD) as a measure of dispersion. For each scenario, an ANOVA was 

performed to determine whether S changes with physical (wind and plume density) and 

behavioral parameters (Dmax and larval group). Then Kolmogorov-Smirnov (K-S) tests 

were used to determine whether the distribution of S from the behavior model differed from 

the passive model. Additionally, the depth of particles was calculated after 4 days for all 

configurations in both the passive model and the behavior model. An ANOVA was used to 

determine whether model parameters influence vertical position. Additionally, K-S tests 

were used to evaluate whether mean particle depth from the behavior model differed from 

analogous configurations of the passive model.  

In order to investigate the relationship between larval swimming velocity and net 

transport, the maximum possible transport was calculated for each model configuration as 

a reference point. This was done by calculating the magnitude of the current produced by 

each wind speed (eq 5.2 and 5.3) at the average depth zoeae should occupy at a given Dmax 
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and with no diffusivity. This average depth is approximately one half of Dmax, as their 

behavior aims to keep them above Dmax at all times. Assuming this constant horizontal 

velocity, the maximum transport distance over the 4 day simulation time was calculated.  

For each wind configuration the Péclet number (Pe) was calculated for all larval 

swimming velocities. Pe is a dimensionless measure of the balance between diffusive and 

advective forces, and it can be used as a general indicator of the dominant forces acting on 

swimming plankton (Karp-Boss et al. 1996). Pe is defined in this case by   

 
𝑃𝑒 =

𝑧𝑝𝑊𝑠𝑤𝑖𝑚

𝐴𝑣
̅̅ ̅

 
(5.13) 

 

Where 𝐴𝑣
̅̅ ̅ is the mean Av across the plume. The fraction of simulated larvae above or below 

Pe=1 was calculated to evaluate those model configurations for which swimming behavior 

dominated particle motion. 

5.3 Results 

5.3.1 Behavior Model 

For the behavior model a 4-factor ANOVA was performed (S = Wind × Plume 

Type × Dmax × Larval Group; Table 5-3). Wind speed was the dominant factor, where 

generally, an increase in wind speed resulted in further transport (Figure 5-4). However, in 

the case of Dmax = 0m, particles were able to maintain a near-surface position at low wind 

speeds, increasing their transport relative to particles with a deeper Dmax (Figure 5-5). This 

effect explains the relatively strong interaction between wind and Dmax. Typically, 
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differences in Dmax alone were more important during low wind conditions where larvae 

had more control over their vertical position. Larval group also had a relatively large effect 

on S, specifically when Dmax was 0m. Here, faster swimming broods were able to stay 

closer to the surface and transport further. For deeper Dmax configurations, particles were 

more evenly mixed throughout the plume, and the brood effect is diminished. When wind 

speed increases with a corresponding increase in Av, the difference between broods’ 

transport increases. While unintuitive, this effect is due to slower swimming broods being 

mixed deeper with reduced transport, whereas faster swimming broods are still able to hold 

a higher vertical position. The two plume types resulted in differences in S, but with a 

relatively small effect size compared to other factors.   

The relative frequency of S for each larval group was also calculated (Figure 5-6). 

Distributions were unimodal and more symmetrical for particles with a Dmax of 1.5m and 

3m. Particles with a Dmax of 0m had more skewed distributions where the most frequent 

transport distance differing between larval groups. Notably, the fasting swimming brood 

(A) is transported significantly further than all other broods (K-S test, p≪0.001). As wind 

speed increases, distributions of S become narrower because the larvae become more 

uniformly mixed throughout the plume layer. When more evenly mixed, larvae experience 

almost a depth-averaged current and thus over time are transported somewhat similarly, 

despite increased diffusivity. 

When separating net transport into along- (Xnet) and across- (Ynet) plume 

components, Xnet followed the same response to model configurations as S (Figure 5-7). 

However, when particles were positioned at an intermediate depth within the plume they 

experienced a reversal in flow, driving them more southward than those closer to the 
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surface. This is evident through the interaction of wind speed and Dmax on Ynet (Figure 5-

7). When Dmax is 0m, Ynet decreases when wind speed increases since particles are mixed 

deeper and average current velocity experienced by larvae decreases. When Dmax increases 

and wind speed remains low, larvae are mixed more uniformly across the plume and their 

average V velocity trends towards zero. However, when wind speed is increased, larvae 

are still more deeply mixed but V also increases, resulting in a greater Ynet. The increase in 

Ynet with Dmax and wind is also evident when looking at the x-y trajectories of particles 

(Figure 5-8).   
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Table 5-3: Results of 4-way ANOVA on net transport distance in the Behavior 

Model scenario. P values are adjusted using a Bonferroni correction (90 

comparisons).  
 

Df Mean 

Square 

F  p Effect Size 

Wind 2 5.15 × 108 5.70 × 

105 

≪0.001 0.385 

Plume Type 1 2.49 × 107 2.76 × 

104 

≪0.001 0.009 

Dmax 2 1.84 × 108 2.04 × 

105 

≪0.001 0.138 

Larval Group 4 4.88 × 107 5.41 × 

104 

≪0.001 0.073 

Wind × Plume Type 2 1.88 × 106 2,086 ≪0.001 0.001 

Wind × Dmax 4 4.25 × 107 4.70 × 

104 

≪0.001 0.064 

Plume Type × Dmax 2 9.76 × 105 1,081 ≪0.001 0.001 

Wind × Larval Group 8 1.72 × 106 1,911 ≪0.001 0.005 

Plume Type × Larval Group 4 6.45 × 104 71 ≪0.001 <0.001 

Dmax × Larval Group 8 5.37 × 106 5,953 ≪0.001 0.016 

Wind × Plume Type × Dmax 4 1.89 × 105 210 ≪0.001 <0.001 

Wind × Plume Type × Larval 

Group 

8 3,514 4 ≪0.001 <0.001 

Wind × Dmax× Larval Group 16 4.13 × 105 457 ≪0.001 0.002 

Plume Type × Dmax × Larval 

Group 

8 1.92 × 104 21 ≪0.001 <0.001 

Wind × Plume Type × Dmax × 

Larval Group 

16 1,573 2 0.033 <0.001 

Residuals 899910 902    
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Figure 5-4: Net particle transport was calculated for each configuration of the 

behavior model. Larval groups are represented by solid lines (A, red; B, green; C, 

blue; D, yellow; O, black). Dashed lines show the transport from the passive model 

for the corresponding wind speed and plume type. Transport is separated by plume 

type (columns) and Dmax (rows). Error bars represent the median absolute 

deviation of net transport for all particles (N = 10,000).   
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Figure 5-5: The relative frequency of the vertical position of particles was 

calculated using 1m bins. Solid lines denote each larval group lines (A, red; B, 

green; C, blue; D, yellow; O, black), and dashed lines denote vertical distribution 

of passive particles. Horizontal dotted lines show the plume depth at each 

configuration. Horizontal dashed lines show Dmax depth. Only the depths from the 

deeper plume are shown here (shallow plume distributions follow the same 

pattern). Dmax values are shown in columns and wind speeds are shown by rows.  
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Figure 5-6: Relative frequency of net transport was calculated using 10 km bins. 

Solid lines denote each larval group lines (A, red; B, green; C, blue; D, yellow; 

O, black), and dashed lines denote distribution of net transport for passive 

particles. Rows and columns show results for different configurations of wind 

speed and Dmax, respectively. Only data from the deeper plume configuration is 

shown here.  
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Figure 5-7: Particle transport was calculated in the along-plume (x) direction 

(left column) and the cross-plume (y) direction (right column) as a function of 

wind speed. Larval groups are represented by solid lines (A, red; B, green; C, 

blue; D, yellow; O, black). Dashed lines show the transport from the passive model 

for the corresponding wind speed. Rows show transport for each Dmax value. Error 

bars represent the median absolute deviation of net transport for all particles (N 

= 10,000). 
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Figure 5-8: Example 2-dimensional trajectories of particles representative of 

median net transport from various model configurations. Particles with a D max of 

0m (red) and 3m (blue) are shown for both a 5 ms -1(light shade) and 10 ms -1 

(dark shade) wind. Two passive particle trajectories are also shown for 5 ms -1 

(black) and 10 ms -1(grey) wind speeds. 

5.3.1 Passive Model 

A 2-way ANOVA was performed for the passive model (S = wind × plume type; 

Table 5-3), and both factors as well as their interaction resulted in different transport 

distances. Similar to the behavior model, S increases with wind speed (Figure 5-4) and 

plume type has a significant but relatively weak effect on S. Particles in the passive model 

became uniformly distributed across the plume within 1 to 2 hours. There was a slight 

aggregation at the pycnoline (Figure 5-5), caused by the rapid decrease in Av to the 

background diffusivity in the lower layer. Over the course of the 4 days simulation, 

particles began to mix deeper into the lower layer, but did not reach a uniform distribution 

there.  

Two-sampled K-S tests were used to assess whether S differed between larval 

groups in the behavior model and passive particles. In all 90 configurations of the behavior 
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model the distribution of S and vertical position differed from that of passive particles (K-

S, p≪0.001). Furthermore, the median S for all larval groups was greater than that of 

passive particles in the same physical conditions. The difference between both models was 

the smallest at the slowest wind speed and highest Dmax (Figure 5-4). When Dmax is closer 

to the plume depth, larvae spent more time sinking and thus were mixed more thoroughly 

throughout the plume resulting in trajectories more like passive particles (Figure 5-5; 

Figure 5-8).  

Table 5-3: Results of 2-way ANOVA on net transport distance in the passive 

model scenario. P values are adjusted with a Bonferroni correction (6 

comparisons).  

 Df Mean 

Square 

F p Effect 

Size 

Wind 2 7.04 × 108 3.53 × 108 ≪0.001 0.38 
Plume Type 1 1.94 × 106 1.94 × 106 ≪0.001 0.001 
Wind × Plume Type 2 1.39 × 106 6.94 × 105 ≪0.001 0.001 
Residuals 119994 1.14 × 109 9,524   

 

5.3.2 Swimming Velocity and Transport 

The presence brood-dependent larval transport observed in the behavior model suggested 

that transport should be related to larval swimming velocity. When plotting S as a function 

of Wswim there was a positive non-linear relationship whereby faster swimming larvae 

travel further, but this relationship asymptotes to some maximum transport distance (Figure 

5-9). This distance appears to be close to the maximum distance particles can be transported 

over the model duration when fixed at one half of Dmax, as it is roughly the mean depth 

larvae occupy in the absence of vertical diffusivity. This point is reached at slower Wswim 

when wind speed is lower. The majority of larvae swam too slowly to reach this maximum 
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transport distance in most model configurations, with the exception of those at the slowest 

wind speeds that were able to achieve maximum transport.  

To help illustrate the source of brood-dependent transport and its relationship to 

Wswim, the fraction of all simulated larvae whose Péclet number exceeded one was 

calculated (Table 5-4). At a wind speed of 5 ms-1 in the deeper plume scenario, at least 

95% of zoeae from all larval groups had a Pe > 1. Thus, almost all zoeae have control over 

their vertical position when wind speeds are low. However, as wind speed increases the 

proportion of larvae whose Pe>1 decreases and the differences in Pe between broods is 

more apparent. When winds are 15 ms-1, the fastest swimming brood (A) swimming 

dominates vertical transport for 88% of larvae, but for the slowest swimming brood (D), 

only 30% of larvae have a Pe>1. This disparity between broods explains why there is an 

increase in brood-level differences in transport at higher wind speeds despite an increase 

in diffusivity. In no model configuration do all larvae have a Pe <1, resulting in broods 

never entirely like passive particles.  

Table 5-4: The proportion of larvae with a Péclet number greater than 1 for each 

wind speed within the deeper plume configurations.  

Wind Speed (ms-1) O A B C D 

5 0.97 1.00 1.00 0.97 0.95 

10 0.77 0.98 0.93 0.77 0.66 

15 0.47 0.88 0.69 0.41 0.30 
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5.4 Discussion 

5.4.1 Larval Behavior and Transport 

The results of this study suggest that observed variation in Callinectes sapidus 

larval behavior can result in differences in larval transport within wind-driven estuarine 

plumes. Though the idealized plume structure and Ekman dynamics in this model exclude 

other important physical processes, wind-driven systems can produce vertically sheared 

currents (Richman et al. 1987; Craig 1996). The simplicity of this model allowed for a 

clearer investigation on the interaction between physical conditions and different 

behaviors. Though wind speed was the dominant factor in determining net transport, larval 

swimming velocity and depth-regulating behaviors significantly influenced the vertical 

position and net transport of simulated larvae. Specifically, zoeae simulated from different 

larval broods differed in their transport, predominantly due to differences in swimming 

velocity. Furthermore, in all model configurations, larvae with behavior were transported 

differently than passive particles. Together, these results indicate that brood effects on C. 

sapidus zoeal swimming behavior observed by Caracappa and Munroe (2019) may result 

in brood-dependent larval transport.  
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Figure 5-9: The net transport for all particles in the behavior model as a function of larval 

swimming velocity. Data is divided by Dmax (columns) and wind speed (rows). Dashed 

horizontal lines show the maximum transport possible for particles fixed at one half Dmax 

for a given wind speed. Bottom panel shows the range of swimming velocities for each 

larval group with open circles denoting the median. Larval groups are separated by 

color (A, red; B, green; C, blue; D, yellow; O, black).  
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Several studies have modeled Callinectes sapidus larval dispersal in the mid-

Atlantic, but to my knowledge none have incorporated individual larval behavior or 

behavioral variability. Johnson et al. (1984) utilized a two-layer wind-driven circulation 

model to investigate the dynamics of larval dispersal for blue crabs in coastal waters. They 

identified the presence of a southward nearshore current with an offshore counter-current, 

hypothesized to be responsible for the return of larvae to the estuary. In a follow-up study, 

Johnson (1985) utilized the same model but applied to the geography of the Chesapeake 

Bay mouth, wherein the importance of wind-stress and seasonality in determining 

trajectories was noted. A later model (Johnson and Hess 1990) incorporated more accurate 

environmental data as well as estuarine circulation dynamics to simulate larval transport 

within and offshore of Chesapeake Bay. This study identified reinvasion of the estuary as 

the primary source of recruitment rather than retention of larvae within the bay. Garvine et 

al. (1997)  used an idealized Delaware Bay mouth and inner continental shelf to simulate 

C. sapidus dispersal. That model included both wind-driven and buoyancy driven 

circulation and was able to replicate one recruitment event. More recently, models (Tilburg 

et al. 2005, 2006, 2009) have used more refined spatial boundaries and general circulation 

to investigate mesoscale processes underlying dispersal dynamics and the spatial cohesion 

of larvae, but they also treated larvae as passive particles. While advancements in 

computational power and our understanding of coastal circulation have greatly improved 

during this period, none of these models included elements of individual and varying larval 

behavior beyond surface retention. Instead, larvae were either simulated as pure 

Lagrangian drifters (i.e. passive particles) or passive particles travelling with the mean 

surface (upper 2 m) circulation. 
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Though most zooplankton do not have the ability to swim against horizontal 

currents, many are able to exert control over their vertical position. Since horizontal 

advection can vary substantially with depth (i.e. sheared flow), swimming behavior can 

potentially alter the trajectories of larvae in ways different than those predicted by passive 

transport alone (Shanks 1995, 2009; Metaxas 2001). Behavior-driven differences in larval 

transport have been simulated in models of larval bivalves (North et al. 2008; Munroe et 

al. 2018), corals (Szmant and Meadows 2006), and other decapod crustaceans (Katz et al. 

1994; Moksnes et al. 2014). C. sapidus larvae maintain a position near the surface, and a 

constant effort is required to counter their negative buoyancy. The results of this model 

align with field observations, where under relatively calm conditions, zoeae are heavily 

skewed towards the surface. However, to my knowledge, there are no published data on 

the vertical distribution of zoeae as a function of wind speed or vertical diffusivity. Due to 

the nature of wind-driving mixing, zoeae should be more deeply mixed when winds are 

stronger, but the how behavior and other processes influence their vertical distributions in 

the field remains unknown. 

While behaviors encompassed observed variability, they were based on 

experiments done under controlled and static conditions (Caracappa and Munroe 2019), 

and C. sapidus larval behavior can vary with environmental conditions (Forward and 

Cronin 1980; Sulkin et al. 1980) or molt stage (Sulkin et al. 1980). However, behavioral 

responses to some important environmental conditions (e.g. turbulence, salinity, 

temperature, light, food) have either not been published or not in enough detail to create a 

distribution of possible behaviors. These data gaps make an individual-based model with 

larval behavior that aim to simulate larval transport in real space, difficult to parameterize 
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accurately, and more experimental or monitoring work is needed to fully understand the 

complete range of C. sapidus larval behaviors and how they influence dispersal processes.  

5.4.2 Behavioral Variation  

While the model used in this study was not intented to accurately simulate the full 

dynamics of  inner-shelf or estuarine circulation, it does illustrate how observed variation 

in basic behaviors can influence the trajectories of larvae. Larval morphology has been 

shown to differ between broods in both C. sapidus (Caracappa and Munroe 2018) and 

Pugettia quadridens (Tamura et al. 2017), and these differences have been shown to 

correlate with differences in swimming behavior (Caracappa and Munroe 2019). Brood-

level variation results in a 2.5 fold difference in Wswim in these simulations, which caused 

up to a 1.7 fold difference in brood transport. However, when ignoring larval groups, 

variation in Wswim caused over a 2-fold difference in net transport in some cases. The 

highly-skewed distributions of swimming velocity result in similarly skewed transport 

distances, such that the faster-swimming half of the larvae can be transported a wider range 

of distances than the slower-swimmign half. Though net transport differed statistically 

between larval broods, the differences between broods can become quite small, especially 

for slower wind speeds and deeper Dmax.  

While the behaviors of the larval broods chosen for this study do form a continuous, 

overlapping distribution of behaviors, there is no certainty that they are sufficient or 

entirely representative of the reproducing population, nor across multiple populations. 

Regardless, the presence of outlier broods, such as brood A, suggest that there could be a 

small subset of the reproducing population that is capable of producing larvae that can 

swim fast enough to be transported much further than others. It may be the larvae within 
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the long tails of the velocity distributions that end up dispersing to further distant habitats 

(founder individuals).  

Across the population, successful recruitment of C. sapidus larvae is a relatively 

rare event, with estimates of over 99% mortality during larval development and dispersal 

(McConaugha 1992). Past modelling efforts have identified that loss to advection (i.e. 

larval wastage) may be the largest component of mortality (Garvine et al. 1997). It is worth 

stressing that transport distance is in no way a metric of successful dispersal. For instance, 

larvae exported too far south along the mid-Atlantic shelf may be advected outside suitable 

settlement habitat via the Gulf Stream. Clearly, more complex models of shelf dynamics 

are needed to predict realistic dispersal trajectories and evaluate success rates across the 

population. However, with the knowledge of how larval behavior interacts with sheared 

flow and diffusivity to influence transport, coupled with observed behavioral variaiblity in 

C. sapidus larvae, it stands to reason that a better understanding is needed of how larval 

behavior and its variability can influence dispersal and recruitment.  
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Chapter 6: Concluding Remarks 

My objectives for this dissertation were to investigate how morphological variation 

in Callinectes sapidus zoeae influences aspects of behavior and transport. I also sought to 

characterize brood-level differences in these traits and attempt to quantify their impacts on 

larger-scale processes. In Chapter 2, I determined that not only was morphology more 

variable than previously indicated, but larval broods could contain distinct morphological 

features. However, it was not evident under further work in Chapter 3 whether these brood 

differences persist further into development. Though not enough zoeae were able to be 

reared through the entirety of larval development, I was able to confirm that brood-

dependent morphology was still present for older zoeae. Furthermore, the degree of 

morphological differences among broods increases, indicating some degree of divergent 

morphology. 

Simple models of swimming efficiency in Chapters 2 and 3 suggested that 

morphological differences between broods could translate to behavioral differences. In 

Chapter 4, I was able to identify that swimming behavior also differs between broods, as 

well as modes of behavior that are conserved between broods. Finally, in Chapter 5, I 

sought to simulate how potential interactions between brood-dependent swimming 

behavior and hydrology could influence larval transport. This model idealized dominant 

processes in coastal circulation, but it did not include all physical processes. However, it 

was useful in highlighting how the combination of swimming velocity, vertical diffusivity, 

and sheared currents could affect how C. sapidus larvae are transported. In all, this 

dissertation has established the presence and implications of brood and population-level 
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trait variability in C. sapidus. It also provides a framework for investigating similar 

questions for other species. 

Crab zoeae have complex morphological features, and in addition to various spines 

and appendages, have general body shapes that are not entirely smooth or geometric in 

nature. A functional view of morphology necessitates an understanding of the nature of the 

interaction between these features, the organism, and their environment (Koehl 1996). 

Based on observations made across dozens of larval broods and hundreds of zoeae, it is 

clear that the means and standard deviations of one or two morphological features 

(typically carapace length and rostro-dorsal length; Appendix E) do not sufficiently 

characterize morphology. In fact, due to interactions with their fluid environment, zoeal 

carapace length alone does not enable inferences of drag or Reynold number due to their 

dorsal swimming orientation. Additionally, the non-spherical shape of their carapace 

require multiple body measurements to make such calculations. Since a complete 

morphological analysis of zoeae can be resource intensive, researchers should carefully 

consider which morphological features are necessary in order to understand their focus 

processes.   

Beyond requiring a suite of morphometrics, a more complete characterization of 

trait variability is necessary in understanding morphological function across populations. 

Many of my morphological analyses required non-parametric tests due to the significant 

non-normality of metric distributions. The effects of these distribution shapes not only 

make the mean an insufficient summary, but individuals’ whose traits lie far outside the 

mean may have quite different interactions with their environment. For instance, the 

distribution of the dorsal cross-sectional area, which is directly proportional to drag, varies 
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by nearly a factor of 6. When estimates of survival for zoeal development are so low, 

individuals on the tails of distributions can’t necessarily be ignored, especially if those 

traits may potentially aid in their survival, locomotion, energetics, or dispersal potential.  

Similar patterns of complexity and variability can be seen when observing zoeal 

swimming behavior. Unlike some other marine invertebrate larvae (e.g. bivalves; Cragg 

1980 or echinoderms Chia et al. 1984), zoeae swim in seemingly erratic motions on short 

time scales. While other studies have typically focused on environmental responses 

amongst groups of zoeae (Cohen et al. 2015; Forward and Buswell 1989; Hamasaki et al. 

2013; Sulkin et al. 1980; review Epifanio and Cohen 2016), Chapter 4 highlights the 

complex trajectories of individual C. sapidus zoeae. Even under still-water conditions, 

zoeae rarely travel in straight lines and can exhibit rapid accelerations and changes in 

direction. Though it would be reasonable to assume these temporal variations would be 

smoothed by longer observation times, the distribution of individuals’ swimming velocity 

is highly skewed, with zoeae capable of swimming an order of magnitude higher than the 

median. Furthermore, additional analyses in Chapter 4 show that distinct modes of 

behavior exist for C. sapidus zoeae,  and while it is not clear whether these are different 

behaviors over time or between individuals, they suggest that swimming behavior is 

variable in ways that a mean velocity and orientation is not capable of describing. These 

levels of variability also indicate that for C. sapidus zoeae, and possibly other species, 

behavioral responses to environments may differ among individuals of the same species. It 

is likely that such variable responses could result in a range of beneficial to detrimental 

effects.  
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 One of the key findings of this dissertation was the presence of brood-level 

difference in morphology and swimming behavior in C. sapidus zoeae. These differences 

suggest that individuals’ trait differences are not uniformly distributed throughout the 

population, and that larval broods are a significant component to the structure of population 

variability. I show that brood differences are present in a variety of traits including 

unidimensional morphometrics (i.e. lengths), higher-dimensional morphological 

characteristics (e.g. cross-sectional area, volume), swimming velocity, orientation, 

trajectory characteristics, and the timing of behaviors. One ecological implication of such 

differences is that, if one accepts that these morphological and behavior traits serve 

important functions for zoeal development and success, then maternal influences on 

offspring traits may be an important factor in zoeal success. This arises a potential for 

successful recruits to exhibit predominately beneficial traits and originate from only a 

subset of reproducing females, as opposed to an entirely random subset of the population.   

The cause of these brood-dependent morphological differences is still unknown. 

While their origin was the not the focus of this dissertation, I was able to determine that 

maternal size (carapace width) and fecundity (brood volume) were not correlated to brood-

level morphology. However, there are a number of other potential sources that have not 

been evaluated. All of the zoeae that I reared were obtained through the wild capture of 

ovigerous females in various stages of egg development. Thus it was not possible to 

determine the environmental conditions eggs were incubated, indicators of maternal 

nutrition prior to egg laying, or whether this was the crab’s first clutch or not, all of which 

could be potential sources of maternal influence. Incubation environment has been shown 

to influence the timing and successful hatching in C. sapidus eggs (Costlow and Bookhout 
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1959), and crab zoeae are generally sensitive to temperature and salinity conditions 

(Costlow et al. 1961; Anger 1991; Schuh and Diesel 1995). There is some evidence of 

differences in larval characteristics between subsequent C. sapidus clutches (Darnell et al. 

2009), but there is no data on their effects on morphology.  Additionally, trait differences 

may also originate in genetic differences between broods, which I was not able to test for 

but has been suggested as a cause in similar effects in other species (Tamura et al. 2017). 

The cause of brood-level differences may not be important in some applications. One case 

that could prove useful were if biometrics from adult surveys or environmental conditions 

could be used to provide indicators of larval condition or predictors of recruitment. In this 

scenario, these indicators could be used to understand ecological questions, such as which 

portions of the population are supplying the most successful larvae, as well as fisheries 

management questions, such as do population or environmental characteristics improve the 

chances of successful larval development. However, since morphology and behavior are 

not the only factors in determining larval success, such a discovery would likely only 

inform trends rather than make firm predictions of recruitment.  

The interaction between the observed morphological and behavioral variation with 

the physical environment zoeae develop in suggest some important considerations 

regarding larval transport. With an understanding that the physical model used in Chapter 

5 was idealized and does not sufficiently replicate the complex hydrology of inshore 

waters, the concept that individual and brood-level differences in swimming behavior can 

influence transport should be a serious consideration in future models of C. sapidus larval 

dispersal. If successful dispersal was entirely stochastic, modeling all zoeae similarly 

should give reasonably accurate results. However, the findings of this dissertation have 
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shown that zoeal traits are variable, such that some groups of larvae may be more capable 

than others to maintain a near-surface position. Depending on vertical structure of the 

circulation, vertical diffusivity, and near-surface velocity gradients (e.g. from breaking 

waves or Stoke’s drift), zoeae that can counter passive sinking and vertical mixing may be 

transported much further than others. When combined with brood-dependent swimming 

behavior, some larval broods may in fact be transported differently than others. These 

differences can have implications for meta-population connectivity, in that there can be 

maternal influences on the destination of their offspring. However, the zoeae observed in 

this study do not necessarily represent the extent of population-level variation in traits, and 

more observation would be needed to determine how these larval traits are distributed 

across the population. Regardless of brood effects, it is clear that C. sapidus larval behavior 

varies considerably, and despite the notion that C. sapidus zoeae maintain an entirely 

neustonic distribution (Epifanio and Tilburg 2008), assuming zoeae maintain a fixed depth 

or even that they move entirely with the mean flow of a water layer (Tilburg et al. 2005) 

may not accurately predict dispersal trajectories.  
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Appendix A: Morphological Data 

 

Figure A-1: Distribution of newly-hatched (1 day old) Callinectes sapidus zoeal 

morphometrics. Bars represent observational frequencies for N=448 zoeae across 

all observed larval broods. Black lines show kernel density estimates scaled to 

frequency. Morphometrics (A-R) are defined in Table 2-2. Bar colors are coded 

as: tan, carapace dimensions; purple, abdomen dimensions; grey, total length; 

orange, spine lengths; brown, maxilliped dimensions; green, cross-sectional 

areas; red, volumes.    
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Appendix B: Behavioral Data 

Part of the mixture model analysis in Chapter 4 involved identifying the 

relationship between modes of behavior within individual broods and those of the overall 

distribution of behaviors. Though a bootstrapping analysis did confirm the presence of two 

component distributions for each of the focal behavioral metrics, a qualitative analysis of 

behavior distributions within each brood was insightful (Figure B-1). These distributions 

highlight some trends, such as the bimodal nature of swimming direction, as well as how 

velocity distributions are shifted for some broods. The results of bootstrapped mixture 

models for individual broods (Table B-2), was also helpful in quantifying the similarities 

and differences in modes of behavior among broods. Of particular note is the high 

divergence in sign for vertical velocity between some broods and the changes in dominant 

swimming direction. 
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Figure B-1: Summary of the distributions of behavioral metrics. Curves represent 

kernel density estimates and colors denote larvae of the same brood.   
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Table B-1: Summary of brood-level results from mixture models in Chapter 4. For 

each brood (A-F), there were two component normal distributions that signify 

modes of behavior. Each component has an associated proportion of observations 

(λ) and mean (μ). Swimming direction is measured in decrease from horizontal 

(right is 0°). 

Behavior Parameter A B C D 

Swimming Direction (deg) 

λ1 0.78 0.64 0.24 0.46 

λ2 0.22 0.36 0.76 0.54 

μ1 102.06 117.33 88.65 87.58 

μ2 247.61 241.35 243.85 253.63 

Proportion of Time Upward 

λ1 0.28 0.46 0.84 0.59 

λ2 0.72 0.54 0.16 0.41 

μ1 0.22 0.21 0.13 0.18 

μ2 0.85 0.79 0.7 0.81 

NGDR 

λ1 0.27 0.39 0.41 0.29 

λ2 0.73 0.61 0.59 0.71 

μ1 0.35 0.4 0.4 0.39 

μ2 0.75 0.76 0.74 0.71 

NGDRy 

λ1 0.23 0.35 0.39 0.4 

λ2 0.77 0.65 0.61 0.6 

μ1 0.3 0.29 0.26 0.32 

μ2 0.86 0.81 0.8 0.82 

Median Vertical Velocity (cm/s) 

λ1 0.13 0.74 0.89 0.96 

λ2 0.87 0.26 0.11 0.04 

μ1 -2.97 0.05 -0.48 0.09 

μ2 2.37 3.31 -6.87 4.82 

Median Speed (cm/s) 

λ1 0.86 0.86 0.97 0.96 

λ2 0.14 0.14 0.03 0.04 

μ1 3.45 2.42 1.87 1.84 

μ2 7.18 5.87 7.78 5.83 
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Table B-1: Cont. 

Behavior Parameter E F G H I 

Swimming Direction (deg) 

λ1 0.24 0.55 0.65 0.53 0.6 

λ2 0.76 0.45 0.35 0.47 0.4 

μ1 68.4 74.1 80.39 78.52 83.59 

μ2 259.89 258.33 263.9 246.08 267.55 

Proportion of Time Upward 

λ1 0.82 0.56 0.48 0.75 0.53 

λ2 0.18 0.44 0.52 0.25 0.47 

μ1 0.19 0.22 0.24 0.23 0.22 

μ2 0.71 0.77 0.85 0.73 0.85 

NGDR 

λ1 0.54 0.41 0.4 0.44 0.24 

λ2 0.46 0.59 0.6 0.56 0.76 

μ1 0.35 0.34 0.44 0.37 0.35 

μ2 0.65 0.74 0.79 0.72 0.75 

NGDRy 

λ1 0.5 0.36 0.31 0.49 0.35 

λ2 0.5 0.64 0.69 0.51 0.65 

μ1 0.23 0.24 0.33 0.28 0.27 

μ2 0.73 0.82 0.84 0.78 0.83 

Median Vertical Velocity 

(cm/s) 

λ1 0.98 0.83 0.88 0.95 0.95 

λ2 0.02 0.17 0.12 0.05 0.05 

μ1 -0.41 -0.08 0.51 0.25 0.58 

μ2 6.4 2.8 5.02 -3.07 6.43 

Median Speed (cm/s) 

λ1 0.95 0.87 0.92 0.92 0.96 

λ2 0.05 0.13 0.08 0.08 0.04 

μ1 1.59 1.91 2.32 1.38 2.68 

μ2 5.62 4.15 8.2 3.25 7.85 
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Appendix C: Morphological Predictors of Swimming and 

Sinking 

One of the objectives of Chapter 5 was to determine potential influences of brood-

level behavior on Callinectes sapidus larval transport. The parameterization of larval 

swimming behavior requires each particle to have an upward swimming and passive 

sinking velocity that is related to the observed brood-level differences in Chapters 2 and 4. 

However, due to practical considerations for Chapter 4, I was not able to have paired 

behavioral and morphological observations for individual zoeae; rather, all data collected 

was summarized on the level of larval broods. This required me to make inferences of 

behavioral terms based on individual-based morphological observations. The aim of this 

part of the analysis was to identify the fewest number of morphometrics that could predict 

both upward swimming velocity (Wswim) and passive sinking velocity (Wsink). 

Though vertical swimming velocity observed in Chapter 4 could either be oriented 

upward or downward, for the purposes of the model in Chapter 5, I was only concerned 

with positive (upward) values. Thus, the median positive vertical velocity from Chapter 

4’s broods was used in this analysis.  

 The model I used for Wsink from Chapter 2 was 

 

𝑾𝒔𝒊𝒏𝒌 = √
𝟐𝒈(𝑽𝑨 + 𝑽𝑪)(𝝆𝒛 − 𝝆𝒇)

𝝆𝒇𝑨𝑨𝑪𝑫
 (C.1) 

where g is gravitation acceleration (9.8 m s-1), ρf is the fluid density (1024 kg m-3), ρz is 

larval density (1066 kg m-3), AA is the abdominal cross-sectional area, and  VA and VC are 
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the abdominal and carapace volume, respectively. The total larval volume (VT) is the sum 

of VA and VC. CD is the drag coefficient defined by 

 
𝑪𝑫 =  

𝟐𝟒

𝑹𝒆
+

𝟔

𝟏 + √𝑹𝒆
+ 𝟎. 𝟒 

(C.2) 

where Re is the Reynolds number defined by  

 
𝑹𝒆 =  

𝑪𝑳 ∗ 𝑾𝒔𝒊𝒏𝒌

𝝂
 

(C.3) 

where CL is the zoeal carapace length, and ν is the kinematic viscosity of seawater (9.5 × 

10-7 m2s-1).  In total VT, AA, and CL, based on zoeae observed in Chapter 4, were used to 

calculate Wsink.  

Although it would be possible to calculate estimates of Wsink from measured 

morphometrics alone, I wanted to be able to draw large numbers random values from the 

observed trait distributions. If only observed larvae were drawn from, this would either 

limit the number of unique simulated larvae or require complex criteria to ensure that the 

observed relationships among variables was held during simulations. The regression 

analysis in Chapter 4 identified dorsal cross-sectional area (AD) to be a metric that 

correlates well across multiple measurements of swimming. It is also a general indicator of 

zoeal size, and thus should correlate well with VT, AA, and CL.  

 A strictly linear regression between Wsink and AD could result in negative 

velocities for smaller larvae. I instead fit an exponential curve of the form 

 𝑾𝒔𝒘𝒊𝒎 = 𝒂𝒆𝒃𝑨𝑫+𝜺 (C.4) 

 

to the data, where a and b are constants. ε is a normally distributed error term with a mean 

of 0 and a standard deviation equal to the standard deviation of the model residuals, Due 
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to the lack of paired observations of morphology and swimming velocity, means of larvae 

from each video were used for both variables, weighted by the reciprocal of video-level 

standard deviations of Wswim. This resulted in a significant correlation where a=0.04 and 

b=1.06 × 107 (p≪0.001, R2 = 0.41; Figure B-1), when AD is in m2 and Wswim is in mm s-1. 

 

Figure C-1: Dorsal cross-sectional area (AD) was used to predict the mean upward 

swimming velocity (Wswim) from each video observation. The line shows the fitted 

exponential curve (eq B.4). Wswim values generated by the model are shown in red.  

 

 For VT, AA, and CL the processes was simplified due to complete 

morphological observation sets of individual zoeae. Thus linear regression were used for 

all zoeae regardless of brood identify. VT (Figure B-2), AA (Figure B-3), and CL (Figure 

B-4) all had statistically significant regressions. Together, these analyses allowed for 

Wswim and Wsink values to be generated for larvae based solely on a distribution of AD. A 

description of those analysis can be found in section 5.5.2.  
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Figure C-2: Results of linear regression between dorsal cross-sectional area (AD) 

and total volume (VT). Original observations (black) and simulated ones (red) are 

shown. The solid line shows the model fit of the form AD = 0.157VT -0.011 for VT 

in mm3 and AD in mm2 (p ≪ 0.001, R2=0.69). 

 

Figure C-3: Results of linear regression between dorsal cross-sectional area 

(AD) and anterior cross-sectional area (AA). Original observations (black) and 

simulated ones (red) are shown. The solid line shows the model fit of the form A D 

= 0.58VT -0.043 for AA and AD in mm2 (p ≪ 0.001, R2=0.46). 
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Figure C-4: Results of linear regression between dorsal cross-sectional area (AD) 

and carapace length (CL). Original observations (black) and simulated ones (red) 

are shown. The solid line shows the model fit of the form AD = 534CL+204.4 for 

CL in μm and AD in mm2 (p ≪0.001, R2=0.64).  
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Appendix D: Implications of Morphology and Swimming on 

Energetics 

 

In several instances in this dissertation there is mention of the interactions between 

morphology, behavior, and fluid environments having the potential to influence zoeal 

energetics while swimming. This section aims to illustrate how the energetic costs of 

swimming might be estimated based on behavior, morphology, and first principals. The 

following model is not meant to provide precise predictions of actual energetic expenditure, 

as it makes some larger simplifications of swimming behavior and associated physical 

processes. Rather, it should be used to provide semi-quantitative comparisons between 

different behavioral and morphological traits. Though, for the context of my research this 

model is meant to address questions regarding Callinectes sapidus zoeae, in principle, it 

should apply to actively swimming zoeae in general.  

Though larvae often swim in complex trajectories, on short time-scales, their 

movements can be simplified in two-dimensions (Figure D-1), with some up-and-down 

and some side-to-side component. The objective here is to determine the minimum amount 

of thrust FT larvae must produce in order to swim. 
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Figure D-1: Force diagram of swimming larvae in the vertical plane. Direction of FAR is 

not fixed. 

Larvae swimming at some velocity (V) at an angle (θ) will need to produce a thrust 

(FT) at a different angle (ϕ). FT and ϕ must be such that they balance they balance resistive 

drag forces (FD), an acceleration reaction (FAR), as well as buoyant forces (FB), where 

 
𝑭𝑫 =

𝟏

𝟐
𝝆𝒇𝑪𝑫𝑨𝑽𝟐 

(D.1) 

ρf is the fluid density, A is the cross-sectional area in the direction of motion, and 

CD is the drag coefficient (Vogel 1994). Fg is defined by  

 𝑭𝒈 = (𝝆𝒛 − 𝝆𝒇)𝑽𝒛𝒈 (D.2) 

 

where g is the gravitational acceleration, and ρz and Vz are the density and volumes of 

larvae, respectively (Vogel 1994). FAR is defined by  
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𝑭𝑨𝑹 = 𝝆𝒇𝚱𝑽𝒛 (

𝜹𝑽

𝜹𝒕
) 

(D.3) 

  

where Κ is an added-mass coefficient (Williams 1994a).  

FD acts in the opposite direction of motion (i.e. 180° from V), FAR acts opposite to 

direction, and FB will act downwards. Thus by balances forces in the horizontal (x) and 

vertical (y) directions, we get: 

 𝒙: 𝑭𝑻𝒄𝒐𝒔𝝓 = (𝑭𝑫 + 𝑭𝑨𝑹)𝒄𝒐𝒔𝜽 (D.4) 

 𝒚: 𝑭𝑻𝒄𝒐𝒔𝝓 = 𝑭𝒈 + (𝑭𝑫 + 𝑭𝑨𝑹)𝒔𝒊𝒏𝜽 (D.5) 

 

By solving for ϕ we get 

 
𝝓 = 𝐜𝐨𝐬−𝟏 (

(𝑭𝑫 + 𝑭𝑨𝑹) 𝐜𝐨𝐬 𝜽

𝑭𝑻
) 

(D.6) 

 

And similarly for FT  

 
𝑭𝑻 =

𝑭𝒈 + (𝑭𝑫 + 𝑭𝑨𝑹)𝒔𝒊𝒏𝜽

𝒔𝒊𝒏𝝓
 

(D.7) 

 

Then by substituting ϕ in D.4 and simplifying, we obtain 

 
𝑭𝑻 = −√𝑭𝒈

𝟐 + (𝑭𝑫 + 𝑭𝑨𝑹)𝟐 + 𝟐(𝑭𝑫 + 𝑭𝑨𝑹)𝑭𝒈𝒔𝒊𝒏𝜽 
(D.8) 
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In order to estimate the work performed on the larvae (W), FT can be integrated 

along a larva’s path of motion. Alternatively, a discrete-time model can be used to 

incrementally calculate FT over short distances and then summing over all increments. This 

estimate of W is not quite equivalent to the energy required by the larvae to swim, however 

it is a lower bound. W would likely need to be scaled by some factor relating to the 

mechanical efficiency of larvae (i.e. the proportion of energy spent that goes into the 

directed motion) as well as a muscular efficiency (i.e. the additional energy required to 

carry out swimming motions by the musculature). However, with a very generous 

assumption that these efficiency terms do not vary considerably by larvae, W provides a 

baseline for comparisons between individuals of differing swimming velocities, swimming 

trajectories, and morphological characteristics.   

A sensitivity analysis was then done, exploring how behavioral and morphological 

parameters seen in C. sapidus zoeae influence this model. For these tests unless otherwise 

indicated calculations were made with all variables held constant. Table D-1 shows 

constants used. Particle length, area, and volume were based on first-stage C. sapidus zoeal 

carapace height, dorsal cross-sectional area, and volume, respectively. Parameter ranges 

for sensitivity analysis were based on observations made in Chapters 2 and 4. I also 

assumed that particles were moving at a constant velocity, and thus FAR was neglected.   
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Figure D-1: Sensitivity of thrust to larval velocity (A), body length (B), cross-

sectional area (C), body volume (D), and swimming direction (E).  
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As velocity increases (Figure D-1A), there is a slightly nonlinear increase in FT. 

Increases in body length (Figure D-1B) result in a nonlinear decrease in FT. Both body area 

(Figure D-1C) and volume (Figure D-1D) result in a somewhat linear increase in FT. FT 

also changes sinusoidally with swimming direction (Figure D-1E), whereby downward 

swimming is aided by gravity and reduces required thrust.  

In this analysis observed ranges in zoeal characteristics can result in substantial 

differences in required thrust. Over possible swimming velocities, FT increased by over a 

factor of 7. FT differed by a factor of 1.9 for body length, and 1.8 for body area. Despite 

the increase in FT with volume, the relative increase was minor when compared to other 

variables.   

This energetics model was not explicitly incorporated into the analyses in this 

dissertation. However, my aim was to use it to provide context for how morphology and 

behavior can have additional effects, specifically, the energetics of swimming. This model 

is also helpful in translating models of FD in Chapters 2 and 3 into something more tangible. 

Though this model does make some major simplifications, it is versatile enough to be used 

alongside behavioral observations (such as in Chapter 4) to make relative comparisons of 

swimming energetics.   
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Table D-1:  Summary of constants used in thrust sensitivity analysis  

Parameter Value 

Salinity 30 ppt 

Temperature 25° 

Velocity 0.025 m s-1 

Length 2.5 × 10-4 m 

Cross-Sectional Area 3.2 × 10-7 m2 

Volume 4.0 × 10-11 m3 

Direction 90° 

g 9.8 m s-2 

ρz 1066 kg m-3 

 

D.1 Literature Cited 

Vogel S (1994) Life in Moving Fluids: The Physical Biology of Flow, 2nd edn. Princeton 

University Press 

Williams T a (1994) A model of rowing propulsion and the ontogeny of locomotion in 

Artemia larvae. Biol Bull 187:164–173. doi: 10.2307/1542239 
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Appendix E: Meta-Analysis of Brachyuran Zoeal 

Morphology 

 

In order to provide context for the morphological observations made in this 

dissertation, a meta-analysis was performed aiming to compare Callinectes sapidus zoeal 

morphology to other species. A literature review was performed searching for studies that 

provide quantitative morphological descriptions. One complication was the lack of 

standardized reporting of morphological features. Many studies only provide qualitative 

descriptions of broader morphological features (e.g. spine locations, appendage setation, 

etc.), which while useful for species identification and staging, do not allow for quantitative 

comparisons. For each study, means and standard deviations of all reported morphometrics 

were recorded. The original intent was to perform an ordination analysis (i.e. principal 

component analysis) on morphological data determine what morphological characteristics 

define different taxonomic groups. However, additional inconsistencies in which 

morphometrics are recorded made it impossible to perform this type of analysis without 

estimating missing metrics. A full description of morphological features obtained from this 

review can be found in Table E-1. 

Zoeal carapace length (CL) and rostro-dorsal length (RDL) were the two most 

commonly reported morphometrics, and thus, they were the only ones used for 

comparisons (Figure E-1). The ratio RDL:CL from brood-level morphological data of C. 

sapidus zoeae from Chapter 2 was used for comparisons. Significant differences in 

RDL:CL between first stage C. sapidus zoeae and other Portunid species was observed (T-

test: p ≪ 0.001), but there were no significant differences between C. sapidus and Grapsid 
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species (T-test: p = 0.12). Considerable variation is present in RDL:CL across C. sapidus 

broods, but I was not able to find enough brood-level analyses in the literature to make 

comparisons on that level. Despite significant differences with other Portunids, C. sapidus 

have more similar RDL:CL to Portunids than to Grapsoidea, Majoidea, and Ocypodoidea 

species. However, there were not enough examples to test these relationships. Due to 

complex morphological characteristics, RDL:CL is not sufficient on its own to make proper 

taxonomic comparisons. A more complete anlaysis would require multivariate analyses 

that incorporate differences across a number of morphometrics.  

 

Figure E-1: Comparison between carapace length and rostro-dorsal length of 

different first stage Brachuyan zoeae. Solid line denotes 1:1 relationship. Black 

points show C. sapidus larval broods from Chapter 2.  
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Table E-1: Summary of literature review of Brachyuran first stage zoeal 

morphology. Metrics include carapace length (CL), rostrum length (RL), dorsal 

spine length (DL), and rostro-dorsal length (RDL). All morphometrics are 

recorded as means in mm with standard deviations (if provided).  

Super 

Family 
Genus Species CL RL DL RDL Source 

Calappoidea Calappa gallus - - - 1.35 Taishaku and 

Konishi, 1995 

Calappoidea Calappa japonica - - - 1.68 Taishaku and 

Konishi, 1995 

Grapsoidea Aratus pacificus 0.39 ± 

0.01 

0.16 ± 

0.01 

0.17 ± 

0.01 

0.62 ± 

0.02 

Rebolledo et al., 

2015 

Grapsoidea Aratus pisonni 0.43 ± 

0.02 

0.16 ± 

0.01 

0.19 ± 

0.01 

0.68 ± 

0.03 

Rebolledo et al., 

2015 

Grapsoidea Eriocheir japonicus 0.55 ± 

0.03 

- - 1.13 ± 

0.08 

Kornienko et al., 

2008 

Grapsoidea Eriocheir sinensis 0.43 ± 

0.02 

0.29 ± 

0.02 

0.36 ± 

0.02 

1.02 ± 

0.02 

Kim and 

Hwang, 1995 

Grapsoidea Geograpsus lividus 0.42 ± 

0.02 

0.22 ± 

0.02 

0.16 ± 

0.01 

0.75 ± 

0.03 

Cuesta and 

Schubart, 1999 

Grapsoidea Geograpsus lividus 0.45 ± 

0.01 

- - 0.81 ± 

0.02 

Guerao et al., 

2001 

Grapsoidea Goniopsis pulchra 0.3 ± 

0.01 

0.21 ± 

0.01 

0.22 ± 

0.01 

0.75 ± 

0.02 

Cuesta and 

Schubart, 1999 

Grapsoidea Grapsus grapsus 0.5 ± 

0.01 

- - 0.92 ± 

0.02 

Guerao et al., 

2001 

Grapsoidea Hemigrapsus longitarsis 0.46 ± 

0.02 

- - 0.87 ± 

0.03 

Kornienko et al., 

2008 

Grapsoidea Hemigrapsus penicillatus 0.48 ± 

0.01 

- - 0.94 ± 

0.03 

Kornienko et al., 

2008 

Grapsoidea Hemigrapsus sanguineus 0.56 ± 

0.01 

- - 0.98 ± 

0.03 

Kornienko et al., 

2008 

Grapsoidea Pachygrapsus transversus - - - 0.95 ± 

0.06 

Cuesta and 

Schubart, 1998 

Grapsoidea Sesarma aequatoriale 0.49 ± 

0.03 

- - 0.93 ± 

0.02 

Schubart and 

Cuesta, 1998 

Grapsoidea Sesarma catenata 0.23 0.24 0.16 0.44 Lago, 1987 
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Table E-1: Cont 

Super Family Genus Species CL RL DL RDL Source 

Grapsoidea Sesarma curacaoense 0.81 ± 

0.04 

- - - Anger et al., 

1995 

Grapsoidea Sesarma curacaoense 0.74 ± 

0.02 

- - 1.23 ± 

0.03 

Schubart and 

Cuesta, 1998 

Grapsoidea Sesarma rhizophorae 0.55 ± 

0.02 

- - 0.94 ± 

0.03 

Schubart and 

Cuesta, 1998 

Grapsoidea Sesarma rubinofforum 0.51 ± 

0.01 

- - 1.14 ± 

0.02 

Schubart and 

Cuesta, 1998 

Majoidea Hyas araneus 1.02 - 1.85 4.01 Christiansen, 

1973 

Majoidea Hyas coarctatus 0.88 - 1.43 3.34 Christiansen, 

1973 

Majoidea Pugettia quadridens 0.67 ± 

0.03 

- - 1.34 ± 

0.05 

Tamura et al., 

2017 

Ocypodoidea Heloecius cordiformis 0.45 ± 

0.02 

0.36 ± 

0.04 

0.56 

± 

0.06 

1.19 ± 

0.06 

Fielder and 

Greenwood, 

1985 

Ocypodoidea Uca tangeri 0.4 ± 

0.02 

- - 0.8 ± 

0.02 

Rodriguez 

and Jones, 

1993 

Pilumnoidea Benthopanope indica 0.71 - - 0.82 Ko, 1995 

Pinnotheroidea Dissodactylus crinitichelis 0.44 ± 

0.01 

0.34 ± 

0.01 

0.27 

± 

0.01 

0.96 ± 

0.02 

Pohle and 

Telford, 1981 

Pinnotheroidea Dissodactylus nitidus 0.36 ± 

0.01 

0.24 ± 

0.02 

0.12 

± 

0.01 

0.68 ± 

0.02 

Pohle, 1989 

Portunoidea Callinectes bocourti 0.38 ± 

0.03 

0.26 ± 

0.02 

0.42 

± 

0.03 

0.98 ± 

0.03 

Mantelatto et 

al., 2014. 

Portunoidea Callinectes dane 0.36 ± 

0.04 

0.24 ± 

0.03 

0.41 

± 

0.03 

0.93 ± 

0.03 

Mantelatto et 

al., 2014. 
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Table E-1: Cont. 

 

Super Family Genus Species CL RL DL RDL Source 

Portunoidea Callinectes exasperatus 0.35 ± 

0.02 

0.23 ± 

0.02 

0.38 

± 

0.04 

0.88 ± 

0.03 

Mantelatto et 

al., 2014. 

Portunoidea Callinectes sapidus 0.39 ± 

0.03 

0.26 ± 

0.03 

0.4 ± 

0.02 

0.96 ± 

0.04 

Mantelatto et 

al., 2014. 

Xanthoidea Xantho poressa 0.5 ± 

0.18 

- - 1.44 ± 

0.19 

Rodriguez 

and Martin, 

1997 
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