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ABSTRACT OF THE DISSERTATION 

 

 

Ocean fronts in the Southern California Current System and their role in 

structuring zooplankton distributions, diel vertical migration, and size 

composition 

 

by 

 

Jesse Russell Powell 

 

Doctor of Philosophy in Oceanography 
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Professor Mark D. Ohman, Chair 

 

 

Ocean fronts are dynamic gradients that divide waters with differing 

hydrographic properties. Fronts also play important ecological roles in 

structuring plankton distributions, modulating primary and secondary 

production, and delineating predator foraging areas. Here, I utilize 

autonomous “Spray” ocean gliders to describe the spatial and seasonal 
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distribution of deep-water fronts and their impact on the plankton within the 

Southern California Current System (SCCS). 

To test the suitability of the Spray’s 750 kHz acoustic doppler profilers 

(ADP) for mapping zooplankton distributions, I first present results from a 

seatruthing study in which I mounted an ADP on a Mocness plankton net. I 

show that the relative mean volume backscatter (rMVBS) measured by the 

ADP is correlated with the summed zooplankton cross-sectional area (a proxy 

for biomass). I also find that the relationship between rMVBS and zooplankton 

biomass is strongest for zooplankters with an estimated spherical diameter 

greater than 1.6 mm. Observed rMVBS was best explained by euphausiid and 

copepod biomass. 

From Spray cross-shore sections between October, 2006 and 

December, 2011, I identified 154 distinct surface layer density fronts. The 

strongest and most numerous fronts occurred in spring, and were located 

closer to the coast, whereas summer and fall fronts were found further 

offshore. Fronts were weakest and least numerous in winter. Across all 

seasons, fronts structured plankton distributions. Horizontal gradients in 

physical variables (e.g., surface density, temperature, and salinity) co-varied 

with horizontal gradients in MVBS and Chl-a fluorescence, and the magnitude 

of biological gradients was higher at frontal areas compared with non-frontal 

areas. Frontal areas were also clearly associated with elevated Chl-a and 

zooplankton acoustic backscatter. 



xxviii 

Fronts divided distinct plankton habitats and associated assemblages. 

Chlorophyll-a fluorescence maxima and euphotic zones were deeper offshore 

of fronts. The amplitude of diel vertical migration by zooplankton also 

increased offshore, in association with increased optical transparency in the 

upper ocean. Additionally, ADP data indicate that zooplankton assemblages 

change across fronts. I employ an inverse acoustic model to estimate 

zooplankton size spectra, inferring that larger-bodied zooplankters contributed 

a greater proportion to overall biomass inshore of these fronts. Vertically-

stratified zooplankton samples from both inshore and offshore regions 

corroborated the model results. 

 

 



 

1 

CHAPTER 1: 

Introduction 

 

The mesozooplankton (ranging in size from 0.2 mm to 2 cm, and 

hereafter simply called “zooplankton”) play an important role in the world 

ocean both biogeochemically, in terms of carbon cycling, and ecologically, in 

their role as grazers of primary productivity and as prey for higher trophic 

levels. Understanding the dynamics of zooplankton production and temporal 

and spatial variations in the distribution of zooplankton is a fundamental 

concern of Biological Oceanography.  

At large scales (1000 km and above), the distribution of zooplankton 

biomass and production broadly matches that of primary production in the 

world ocean – higher in coastal zones and upwelling areas that provide 

nutrients for phytoplankton growth, lower offshore where nutrients are scarce. 

This observation has led to the hypothesis that zooplankton distributions are 

controlled by bottom-up processes where productivity is ultimately determined 

by ocean physics and resource availability (Stromberg et al., 2009). Other 

studies suggest that zooplankton production is not food-limited, and that 

ocean temperature ultimately determines zooplankton productivity and 

distribution patterns (Huntley and Lopez, 1992) and also that top-down 

processes of predation and mortality may shape distribution and productivity 

patterns (Huntley and Lopez, 1992; Ohman and Wood, 1995; Gasol et al., 

1997). 
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At the mesoscale (100-1000 km), the submesoscale (1-100 km), and 

smaller, zooplankton distributions are highly variable in space and time. While 

a significant proportion of primary production at these scales is determined by 

nutrient availability linked to coastal upwelling, or to wind-driven curl upwelling 

further offshore or in equatorial regions, or to transient vertical mixing at 

evolving frontal structures, the mechanisms that shape zooplankton 

distributions and production at these scales are unclear. Studies that have the 

resolution and breadth of sampling needed to examine mechanisms are rare 

or non-existent. While seasonal or annual averages may accurately estimate 

primary and secondary production within a region, a true mechanistic 

understanding of how a mosaic of a shifting productivity seascape at the 

mesoscale and submesoscale alters phytoplankton and zooplankton 

population dynamics and biomass distributions is lacking.  Until a fuller 

understanding is developed of the role that dynamic ocean structures such as 

fronts, jets, eddies and filaments play in plankton production, we will never be 

sure whether ecosystem models are useful for predicting future zooplankton 

productivity and distributions.  

This dissertation seeks to examine the biological response of 

zooplankton within the southern sector of the California Current System (CCS) 

to ocean fronts, and the role that ocean fronts play in structuring zooplankton 

distributions and behaviors. This introductory chapter provides a background 

to the basic physical and biological oceanography of the California Current 

System, with an emphasis on the southern sector, before turning to a 
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description of ocean fronts, the process of frontogenesis, and a review of 

current knowledge of zooplankton ecology at fronts. I also provide a review of 

past interdisciplinary studies of fronts within the CCS. Finally, I outline the 

research that is presented in the subsequent chapters.   

 

Physical Oceanography of the California Current System 

Major features 

The California Current System (CCS) is one of the four great Eastern 

Boundary Currents (EBC) of the world ocean (Wooster and Reid, 1963).  

Eastern Boundary Currents are the equatorward-flowing currents of wind-

driven, anticyclonic subtropical gyres, and are characterized by cooler sea 

surface temperatures (SST) and increased coastal upwelling due to prevailing 

wind patterns along the coastal margins. The CCS forms the eastern limb of 

the North Pacific Gyre, and flows southward along the coast of North America 

from about 47˚ N latitude to Southern Baja California before turning westward. 

The width of the CCS is not clearly defined, but is generally held to extend 

about 1000km offshore from the coast where the western boundary of the 

CCS increasingly mixes with gyre –associated waters (Hickey, 1979; Lynn and 

Simpson, 1987). The southern CCS comprises three major named currents, 

and one unnamed persistent flow. The California Current (CC) is often 

characterized as a broad and diffuse, equatorward, surface flow (0-300m). The 

core of the CC is typically found 300-400km offshore.  Though current 

velocities within the CC are generally slow (0.1 m s-1) there are often higher 
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velocity jets (>0.5 m s-1) embedded within the main flow.  The California 

Undercurrent (CU) is a subsurface, slow (~0.05 m s-1) poleward flow found 

within the Southern California Bight (SCB) and along the central Californian 

coast.  The CU can vary in position within the water column between 50  and 

400m depth (Lynn and Simpson, 1990). The  Inshore Countercurrent (IC), also 

known as the Davidson Current when it surfaces north of Point Conception, is 

a seasonally varying, poleward surface current generally found within 50 km of 

the coast (Hickey, 1979; Lynn and Simpson, 1987). An additional subsurface 

poleward flow has recently been detected using both ship and glider data 

(Davis et al., 2008; Gay and Chereskin, 2009; Todd et al., 2011). 

The CCS can be divided into three major latitudinal sections: the 

northern CCS extends from Vancouver Island to Cape Mendocino; the Central 

CCS extends from Cape Mendocino to Point Conception; and, the southern 

CCS extends from Point Conception to southern Baja California.  This 

dissertation is concerned primarily with the SCCS, though the results are 

certainly influenced by processes in the central CCS due to its mean 

equatorward advection. 

 

Water masses 

The southern sector of the CCS contains four distinct water masses 

with varying hydrographic properties (Table 1) which can be used to track 

water origins of the major currents (Simpson, 1984). The CC carries relatively 

cool and fresh waters, reflecting its subarctic origins, though the western edge 
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of the CC becomes increasingly warm and salty as it mixes with North Pacific 

Gyre waters (Reid et al., 1958). The warm, salty, high nutrient  and low oxygen 

properties of the CUC  indicate its origins in the Equatorial Pacific (Pickard, 

1964). Finally, the IC is marked by its cold, salty, high nutrient and low oxygen 

waters derived from coastal upwelling (Sverdrup, 1938; Reid et al., 1958).  

 

Recurrent structures in the SCCS 

In addition to the major currents, there are two recurrent hydrographic 

features that influence the physical and biological oceanography of the SCCS.  

One major feature is the Southern California Eddy (SCE): a large, cyclonic 

eddy, which is most prominent in the late summer (Schwartzlose, 1963; Di 

Lorenzo, 2003). The SCE may play a significant role in retention of larval 

fishes (Taylor et al., 2004) and invertebrates within the SCB. Another recurrent 

feature is the Ensenada front which marks the boundary between subarctic 

waters of the CC and subtropical waters offshore of Baja California, Mexico 

(Haury et al., 1993; Chereskin and Niiler, 1994). Other fronts may be found in 

the same region (Landry, Ohman et al. 2012). 

 

Interannual and interdecadal variability 

The CCS is a locally wind-forced current system.  However, the CCS 

can also be remotely forced by large-scale atmospheric and oceanic changes 

occurring elsewhere within the basin. The largest source of interannual 

variation within the CCS is El Nino Southern Oscillation (ENSO). During El 
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Nino, coastally trapped Kelvin waves propagate poleward, depressing 

pycnoclines and increasing stratification along the west coast (Chelton and 

Davis, 1982). El Nino is characterized by a deeper nitracline, leading to less 

efficient transport of nitrate to the surface. El Nino has also been tied to 

weakened and delayed upwelling in the central sector of the CCS (Bograd et 

al., 2009). Equatorward advection is also weaker in the central and southern 

sectors of the CCS during El Nino, and subtropical water masses are more 

prevalent in the southern CCS (Lynn et al., 1998).  

Lower frequency (i.e., interdecadal) forcing in the CCS can be tied to 

other large scale oceanic changes. The Pacific Decadal Oscillation (PDO) is 

associated with changes in SST within the CCS and in the position of the 

Aleutian low pressure center (Mantua et al., 1997). During the warm (cool) 

phase of the PDO, the Aleutian Low is strengthened (weakened) leading to 

decreased (increased) upwelling favorable winds along the coast and 

therefore higher (lower) SSTs (Chhak and Di Lorenzo, 2007). During the PDO 

warm phase, the southward advection of the CC is also diminished, which 

affects zooplankton distributions (Di Lorenzo and Ohman, 2013). The other 

mode of low-frequency variation is the North Pacific Gyre Oscillation, or NPGO  

(Di Lorenzo et al., 2008). The positive (negative) phase of the NPGO is 

correlated with positive (negative) Sea Surface Salinity anomalies, early (late) 

onset of upwelling favorable winds, and increased (decreased) nutrient levels 

(Chenillat et al., 2012). The NPGO has been shown to better track fluctuations 

in chlorophyll levels within the CCS than the PDO (Di Lorenzo et al., 2008). 
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Winds 

As an Eastern Boundary Current, the CCS is characterized by strong 

coastal upwelling through much of the year. South of Cape Mendocino, winds 

blow predominantly equatorward, almost year-round, with the strongest winds 

occurring in spring and summer, setting up strong, Ekman-driven upwelling 

along much of the coast. The seasonal onset of upwelling favorable winds, 

i.e., the “Spring Transition” (Lynn et al., 2003), triggers stronger tilting of 

isopycnals at the coast and consequently contributes to the development of a 

strong equatorward jet. The strongest upwelling occurs in the central CCS, 

where the winds blow parallel to the coast, and diminished or absent coastal 

upwelling occurs south of Point Conception where the coastline turns 

eastward to form the Southern California Bight (SCB). Prevailing winds in the 

northern CCS turn poleward intermittently during the fall and winter months 

causing relaxation of upwelling, or even periods of downwelling (Bakun et al., 

1974). Throughout much of the central and SCCS, the prevailing equatorward 

winds intensify with distance offshore, leading to increased wind stress curl-

driven upwelling (Bakun and Nelson, 1991). Both coastal upwelling and wind-

stress curl-driven upwelling are intensified during positive phases of the 

NPGO, and during La Nina years (Chenillat et al., 2012). 
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Mesoscale structure 

Seasonal variations in the prevailing winds lead to changes in all three 

currents in the SCCS. Intensification of upwelling-favorable winds during 

spring alters the observed patterns of sea surface dynamic height and alters 

geostrophic flow patterns. A study of long term seasonal means of dynamic 

height measured by the California Cooperative Oceanic Fisheries 

Investigations (CalCOFI) program (Lynn and Simpson, 1987) found the largest 

cross-shore range in SSH occurring in late spring and early summer, 

corresponding to an intensification of the California Current jet, especially at 

the latitude of Point Conception. Lynn and Simpson’s analysis of seasonal 

variation in dynamic height defined three zones: an oceanic zone, forced by 

large-scale air-sea processes; a coastal zone, forced by seasonal winds and 

changes in the inshore surface and subsurface currents; and, a transition 

zone, whose higher variability in dynamic height indicated that mesoscale 

activity (e.g., eddies and filaments) forced much of the observed variation. 

Further studies using satellite altimetry (Strub and James, 2000) inferred that 

eddy kinetic energy (EKE) increased during spring near the coast, and the 

zone of highest EKE moved progressively offshore through the summer and 

fall.  The highest EKE occurred with wavelengths of 300 km, which 

corresponded to the wavelength of meanders in the CC jet, as well as to the 

distance between large eddies.  

Several studies have successfully modeled the seasonal patterns of 

SSH and EKE as seen in observational data (Di Lorenzo, 2003; Marchesiello 
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et al., 2003; Kurian et al., 2011).  The models point to baroclinic instability in 

alongshore currents leading to the formation of eddies and mesoscale frontal 

features. Kurian et al. (2011) found that surface eddies formed by this 

mechanism were predominantly cyclonic (i.e., cold-core), were between 25-

100 km in diameter, propagated westward and slightly north at about 2 km per 

day and typically lasted less than a season. Subsurface eddies generated by 

the California Undercurrent, in contrast, were predominantly anticyclonic and 

propagated westward and slightly south (Kurian et al., 2011). 

 

Biological oceanography of the CCS 

Eastern boundary upwelling ecosystems 

The four largest Eastern Boundary Upwelling Ecosystems (EBUE) are 

amongst the most productive ecosystems in the world, accounting for about 

11% of global new primary productivity while covering less than 1% of the 

world’s oceans (Messie et al., 2009).  The high productivity of EBUEs is 

function of prevailing equatorward winds, coastline topography and Ekman 

dynamics (Sverdrup, 1938). While the CCS is the least productive of the four 

EBUEs, satellite-determine primary production is still very high at 479 gC m-2 

yr-1 (mean annual production between 34° and 44° north latitude out to 150 km 

offshore) (Messie et al., 2009).  EBUEs are generally thought to be controlled 

by bottom-up processes (Chavez and Messie, 2009), particularly due to the 

injection of new nitrate into the surface waters due to coastal upwelling by 
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Ekman transport (Sverdrup, 1938) and offshore Ekman pumping due to wind 

stress curl (Bakun and Nelson, 1991; Rykaczewski and Checkley, 2008).  

 

Floristic and faunal provinces 

Large-scale cross-shore gradients in near-surface nutrients (e.g., 

nitrate, silicic acid, and iron) contribute to the spatial structure the 

phytoplankton community. Within the SCCS, Venrick (2002) defines two 

floristic assemblages based on phytoplankton community analysis of CalCOFI 

samples,(the “inshore” and “offshore” communities) that are often separated 

by the sharp front between the inshore boundary of the California Current. The 

inshore group is dominated by diatoms, whereas the offshore group is a more 

diverse group dominated by cocolithophores and dinoflagellates found broadly 

throughout the North Pacific. Spatial patterning seems to be related to the 

availability of nutrients instead of other hydrographic properties (Venrick, 

2009).  

Faunal patterns within the SCCS are less well defined. Point 

Conception is often considered to be a faunal break between northern 

subarctic zooplankton species and southern (more tropical) species, although 

the waters of the SCCS are often a transition zone between these two biomes 

(Colebrook, 1977; Brinton and Townsend, 2003; Lavaniegos and Ohman, 

2007). Years characterized by a greater influx of sub-tropical waters into the 

SCCS (i.e., during El Nino) are often notable for the greater abundance of 
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southern taxa (Rebstock, 2002; Brinton and Townsend, 2003; Lavaniegos and 

Ohman, 2007).  

 

Sources and sinks – the generation of pattern  

One might assume that the distribution of zooplankton biomass would 

be tightly coupled to areas of high primary productivity (e.g., coastal upwelling 

zones). However, within the SCCS, interannual variations in zooplankton 

displacement volumes have been suggested to be  best explained by 

alongshore advection (Chelton et al., 1982) rather than interannual variations 

in upwelling favorable winds. A study of mean advective transport budgets 

(Bograd et al., 2001) within the SCCS showed that there is a net importation of 

nutrients and chlorophyll into the SCCS from the central CCS, with the highest 

net transport occurring in spring. Geostrophic volume flow into the region from 

the north was roughly matched by Ekman transport out of the region, primarily 

to the west and south. The study further found a significant correlation 

between the magnitude of transport and interannual ENSO-like forcing, 

corroborating the findings of Chelton et al. (1982). Taken together, these 

results suggest that the SCCS cannot be considered in isolation. Patterns in 

plankton productivity and standing stocks are a combination of local and 

remote processes. 
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Spring transition 

The spring transition is defined as the day of the year when the 

Cumulative Upwelling Index (CUI) turns positive for a given stretch of coast 

(Schwing et al., 2006; Bograd et al., 2009). A seasonal intensification of 

equatorward, alongshore winds in late March through early April forces 

increases in coastal upwelling of cold nutrient rich waters, and strengthens the 

coastal jet which is often associated with strong frontal features.  Although the 

spring transition is primarily associated with the California coast north of Point 

Conception (due to coastline topography), the ecological effects of the spring 

transition are clearly visible in the SCCS and SCB due to advection, including 

elevated chlorophyll concentrations (Lynn et al., 2003), copepod biomass 

(Chelton, 1982), and copepod egg production (Mullin, 1991). The phenology of 

the spring transition is important, and changes in the timing of events like the 

spring transition can result in mismatched production cycles between 

predators and prey (Cushing, 1990), leading to greatly increased mortality in 

planktivorous predators (Schwing et al., 2006; Sydeman et al., 2006).  

 

Patterns in the zooplankton 

At the mesoscale, phytoplankton can be considered passive tracers of 

advective flows (Strub et al., 1990; Denman and Abbott, 1994; d’Ovidio et al., 

2010). The striking correspondence of mesoscale structures visible in satellite 

images of SST and chlorophyll a (as inferred from ocean color) emphasizes 

the tight physical-biological coupling for phytoplankton. The spatial distribution 
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of zooplankton is less predictable, however. Several studies have found that 

zooplankton exhibit significantly higher variance at all spatial scales compared 

with phytoplankton (Mackas and Boyd, 1979; Star and Mullin, 1981). There 

are many mechanisms that can generate spatial patterns in zooplankton 

distributions in addition to the purely physical mechanisms of advection and 

diffusion. These mechanisms include: spatial variations in zooplankton growth 

and reproduction rates (Mullin, 1991; Irigoien et al., 2005),  spatial 

heterogeneity in mortality (Ohman and Hsieh, 2008), and spatially 

heterogeneity in diel vertical migration behavior (DVM) (Hays et al., 2001; 

Irigoien et al., 2004). 

 

Long-term trends 

Satellite studies suggest there is a secular trend of increasing net 

primary productivity (NPP) and phytoplankton biomass, and in the seasonal 

maximums of NPP and biomass, within the SCCS (Kahru et al., 2009). The 

reason for this trend is unclear, however. Increased NPP could be a result of 

increased wind-induced upwelling associated with global climate change 

(Bakun, 1990; Garcia-Reyes and Largier, 2010), or with decadal-scale forcing 

(Di Lorenzo et al., 2008; Chenillat et al., 2012). Unfortunately, the time series 

of satellite measurements is still too short to distinguish between climate 

change and inter-decadal forcing. Predicting how zooplankton will respond to 

a future of increased NPP is difficult. The present trends in zooplankton 

biomass are unclear. Roemmich and McGowan (1995) found a long-term 
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decrease in zooplankton displacement volume over the course of the CalCOFI 

timeseries (Roemmich and McGowan, 1995a, b), but subsequent studies have 

found that this was not a decline in zooplankton carbon biomass, but, a shift in 

assemblage wherein high-volume, low-carbon gelatinous zooplankton 

(particularly salps) decreased through time but overall carbon biomass did not 

change (Lavaniegos and Ohman, 2007).  

In addition to long-term changes in NPP, there appears to be an long-

term increase in the prevalence of thermal and chlorophyll fronts within the 

SCCS (Kahru et al., 2012). While this trend is not significantly correlated with 

either the PDO or the NPGO, it is possible that the climate change-associated 

increase in upwelling is forcing increased mesoscale activity and thus 

increasing frontal frequency within the region (Marchesiello et al., 2003). 

These results suggest that the effects of zooplankton-front interactions, 

whatever they may be, might be amplified in the future. 

 

Fronts in the CCS region 

Ocean fronts delineate boundaries between different water masses or 

parcels, and consequently can exhibit strong horizontal gradients in 

hydrographic properties such as density, temperature, or salinity (Legeckis, 

1978). Fronts occur at variety of length scales, with along-front distances 

ranging from tens to hundreds of kilometers in length, and cross-front 

distances ranging from tens of meters to tens of kilometers in width (Belkin et 

al., 2009). Over the CCS region, the spatial and seasonal patterns of 
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frontogenesis are similar to the patterns of EKE and SSH variance.  As with 

the zone of highest variability in SSH, the zone of highest probability for 

thermal fronts detected by satellite north of Point Conception is near to shore 

in early spring, and migrates westward through spring and summer to extend 

nearly 300 km offshore by September before collapsing again during fall and 

winter (Castelao et al., 2006). This suggests that fronts and frontogenesis is 

intrinsically tied to the mesoscale processes in the CCS.  

 

Geostrophy and mesoscale features 

At mesoscales and larger, frontal features can be stabilized by 

geostrophy whereby the pressure gradient force which otherwise would force 

less dense water to flow over the more dense water is counterbalanced by the 

Coriolis force, thus maintaining the observed gradients in temperature, salinity 

and chlorophyll. Geostrophic fronts often exhibit strong, cross-frontal gradients 

in current velocities, leading to horizontal shear. Horizontal shear, in turn, can 

lead to frontal meanders. If the meanderings of a jet become sufficiently 

energetic, the main flow of the frontal jet can pinch off to generate mesoscale 

eddies (Bernstein et al., 1977), or lead to the formation of submesoscale fronts 

(Wang, 1993; Capet et al., 2008b).  

 

Submesoscale frontogenesis 

The high EKE and strong gradients in dynamic height within the CCS 

transition zone directly contribute to increased submesoscale frontogenesis. 
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Submesoscale frontogenesis can be thought of as mechanism of dissipating 

the potential energy stored in larger, mesoscale fronts (D'Asaro et al., 2011). 

Geostrophic instability in mesoscale features induced by down-front wind 

effects, or horizontal or vertical shear result in ageostrophic secondary 

circulation which acts to restratify the mesoscale front (Lapeyre et al., 2006; 

D'Asaro et al., 2011) and also to generate smaller, submesoscale fronts and 

eddies (Wang, 1993; Capet et al., 2008b). Both mesoscale and submesoscale 

fronts can exhibit significant localized vertical water motions on the order of 

tens of meters per day (Pallas-Sanz et al., 2010; Johnston et al., 2011). The 

SCCS transition region (between nearshore coastal waters and the offshore 

subtopical waters) is notable for its mix of mesoscale and submesoscale 

frontal features which exhibit a range of vertical velocities. As the dynamic 

height gradients and EKE increases seasonally, the complexity of structure of 

the flow field increases as well. 

 

Stirring and filament formation 

At mesoscales and larger, mixing processes in the surface ocean can 

be considered to be two-dimensional. Higher eddy kinetic energy (EKE) leads 

to increased stirring and the creation of complex and filamentous patterns. 

Interactions between eddies, especially at eddy dipoles, aid in the formation of 

filaments. Filaments can increase the mixing rate of water properties (e.g., 

heat, salt) since filaments are long and thin and have inherently high surface 

area to volume ratios. Furthermore, cold (warm) filaments generated in the 
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stirring process can be associated with localized upwelling (downwelling) with 

vertical velocities approaching 20 m per day (Legal et al., 2007).  

 

Barrier or blender? Cross-front exchange  

An active area of research is whether fronts act primarily as effective 

barriers preventing exchange of material and properties across the front, or 

whether cross-frontal exchange processes facilitate the mixing of material and 

properties.  Surface drifter studies, in the Gulf Stream, revealed that cross-

frontal exchange does indeed occur (Shaw and Rossby, 1984; Bower and 

Rossby, 1989; McGrath et al., 2010) and suggested that cross-frontal 

exchange was related to meanders in the main jet (Bower, 1991). Model 

results reported by Bower (1991) implied that while most (90%) of the surface 

flow of a jet was retained in the jet, a significant portion (10%) was recirculated 

to waters flanking the jet. Cross-frontal exchange increased with depth, 

especially when along-jet velocities were lower. Cross-frontal exchange can 

also be initiated by baroclinic instability leading to ageostrophic flows and 

subduction (Spall, 1995). 

 

Modeling 

At the mesoscale, moderately high-resolution (<3.5 km) ROMS studies 

of the CCS region have confirmed that strong fronts are associated with 

mesoscale eddies generated by baroclinic instabilities in upwelling-forced, 

alongshore currents. Interactions between near-shore currents and orographic 
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features (e.g.,  capes and promontories) also create a variety of frontal 

structures (Marchesiello et al., 2003).  

Submesoscale processes, on the other hand, only become clear when 

model resolutions are improved to 1 km (Capet et al., 2008a; Capet et al., 

2008b, c). Model results show that local wind stress can destroy the 

geostrophic balance of a front within submesoscale subsections, leading to 

ageostrophic secondary circulation (ASC) and frontogenesis. Large vertical 

motions (10-20m per day) are often associated with ASC and frontogenesis  

 

Fronts and zooplankton ecology 

Fronts have long been considered to be locations of special ecological 

significance (Lefevre, 1986). Several studies have shown increased 

phytoplankton and zooplankton abundances at fronts of all kinds around the 

world. Given the localized upwelling that occurs at some fronts (discussed 

above) it may plausible that fronts would be hotspots for both primary and 

secondary production, if growth rates permit plankton accumulation faster than 

advection removes the plankton (Kierstead and Slobodkin, 1953). However, 

fronts often have lifespans (days to weeks) that are shorter than zooplankton 

(weeks to months), so in some cases there must be additional mechanisms 

which contribute to the high zooplankton biomass gradients observed at fronts. 

One mechanism is the simple increase in apparent concentration due to 

convergent flows at a front (Franks, 1992). Another mechanism is simply the 

advection of a high zooplankton abundance water parcel along a frontal jet, 
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adjacent to a low zooplankton abundance water parcel. Finally, zooplankton 

swimming behavior can combine with frontal convergent or divergent flows to 

alternatively aggregate or disperse plankton (Franks, 1992). Thus, one can 

expect that there will be a variety of zooplankton-front interactions contributing 

to observed patterns of zooplankton at fronts in the CCS. 

 

Distributions and assemblages across fronts  

Zooplankton abundances or biomass concentrations often change 

across fronts (Boucher, 1984; Sournia, 1994; Thibault et al., 1994; Youssara 

and Gaudy, 2001; Riandey et al., 2005). In all these cases, biomass cases are 

higher on the colder, denser sides of fronts. 

Several studies have also shown cross-frontal changes in zooplankton 

assemblages at a variety of front types: across coastal filaments (Mackas et 

al., 1991); buoyancy plume fronts in the Agean (Zervoudaki et al., 2006);  the 

seasonal Ligurian front in the western Mediterranean (Boucher, 1984); a front 

associated with the recurrent Southern California Eddy (Haury, 1984); shelf-

break fronts in West Greenland (Munk et al., 2003); and a deep-water front in 

the SCCS (Ohman et al., 2012). It is clear that fronts in these cases are acting 

as barriers to zooplankton transport, despite established mechanisms for 

cross-frontal exchange. Furthermore, the barrier nature of fronts can also 

enhance larval retention and settlement success rates. In the central CCS 

nearshore region, the number of upwelling fronts was positively correlated with 

barnacle and mussel recruitment, and also with rockfish recruitment (Woodson 
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et al., 2012). Zooplankton abundances or biomass concentrations often 

change across fronts (Boucher, 1984; Sournia, 1994; Thibault et al., 1994; 

Youssara and Gaudy, 2001; Riandey et al., 2005). In all these cases, biomass 

cases are higher on the colder, denser sides of fronts. 

 

Fronts and Diel Vertical Migration  

Because fronts can separate waters with greatly different environmental 

characteristics (e.g., light, temperature, salinity, food availability, predators, 

etc.), mesozooplankton on either side of a front may display different 

behaviors even if the assemblage does not change across the front. Diel 

Vertical Migration (DVM) by zooplankton may be cued differentially across 

fronts. Several  studies have shown zooplankton can exhibit altered DVM 

behavior in response to changing conditions such as light levels at depth 

(Backus et al., 1965; De Robertis et al., 2000),  predator density (Ohman et 

al., 1983) and food availability. Few studies, however, have directly examined 

cross-frontal changes in DVM behavior since sampling requires specialized 

plankton nets capable of discretely sampling target depth strata. A study in the 

Almeria-Oran frontal zone in the Mediterranean showed clear changes in DVM 

behavior across the front for some zooplankton taxa, but not for others 

(Andersen et al., 2004). For taxa that changed their DVM behavior, there was 

a clear correlation between daytime mean depths and the depth of enhanced 

chlorophyll. The amplitude of migration was lowest in chlorophyll-rich waters 

and highest in the chlorophyll-poor waters.  
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Predator-prey interactions 

Abundances of highly mobile predators like large fish (Fiedler and 

Bernard, 1987; Podesta et al., 1993), marine mammals (Bost et al., 2009; 

Tynan et al., 2005) and seabirds (Ainley et al., 2009) can be elevated at fronts. 

There is some indication that mobile predators target submesoscale features 

that have high prey density. The formation of filaments at eddy-eddy interfaces 

creates long convergent flow filaments along which a predator can travel. 

Great-frigate birds, for example, have been shown to target these 

submesoscale structures in the Mozambique Channel (Kai et al., 2009).  

Depth-targeting planktonic predators can also be found in increased 

abundances at fronts due to convergent flows. A recent study of a thermal 

front in the SCCS revealed elevated abundances of narcomedusae 

(McClatchie et al., 2012).  

The effect of fronts on the population dynamics of prey species is 

complex and unknown. Simple conceptual models (Bakun, 2006), however, 

tell us that predation will be minimized at stable convergent features when 

either prey abundance is too low to sustain predator foraging, or if the prey 

production rate within the feature (due to convergent flow, population growth 

within the feature, or a combination of flow and growth) is greater than the 

predation rate. Between these two scenarios lies the “Predation Pit” in which 

prey abundance decreases dramatically.  
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Example Fronts in the CCS 

Coastal Transition Zone (CTZ) Program 

The CTZ program in the mid to late 1980s intensively sampled a semi-

permanent coastal cold water filament that separated from Point Arena in 

central California (Brink and Cowles, 1991). For the CTZ program, the filament 

divided the offshore waters (i.e., warmer and fresher) north and west of the 

frontal jet from the inshore waters (colder and saltier) located to the east and 

south. Coastal filaments are relatively long-lived structures that occur in 

coastal upwelling regions, particularly at prominent capes and headlands, and 

can extend offshore for several hundred kilometers as narrow (<100 km) 

features. Filaments can facilitate cross-shore exchange of nutrients and 

biomass into more oligotrophic waters offshore. Maximum velocities in the jet 

(~0.6 m s-1) occurred during summer in response to upwelling favorable winds 

(Brink and Cowles, 1991).  

Biological responses to this front were varied. Zooplankton 

assemblages clearly changed across the front (Mackas et al., 1991). On the 

offshore, less dense side of the front the assemblage was characterized by 

doliolids, chaetognaths, and small copepods. Abundances of the copepod 

Eucalanus californicus were elevated within the jet. On the inshore, more 

dense side of the front, abundances of the euphausiid Euphausia pacifica 

were highest. Egg production by Eucalanus californicus was highest in the jet 

(>100 eggs female-1 d-1), whereas egg production directly adjacent to the jet 

was minimal or non-existent (Smith and Lane, 1991). Egg production rates 
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were positively correlated with lipid sac size, implying that the females were 

not using stored reserves for egg production, but relied on food available 

within the jet. 

 

The Ensenada Front 

The Ensenada front is a persistent feature in the SCCS formed where 

the cooler and fresher surface flows from the CC meet warm and salty 

subtropical waters from the south (Haury et al., 1993). The southward flowing 

CC turns onshore around 32˚ N latitude to flow eastward for approximately 

200 km before bifurcating into a poleward component, which becomes 

entrained in the Southern California Eddy, and equatorward component that 

continues southward along the coast of Baja California, Mexico (Chereskin 

and Niiler, 1994). Zooplankton biomass, as inferred from zooplankton 

displacement volume, increased across the front towards the north. 

Zooplankton displacement volumes north of the front were 3-4 fold higher 

compared with those south of the front (Haury et al., 1993). The front also 

delineated a transition from northern subarctic/transitional associated fish 

larvae to larvae associated with the Eastern Tropical Pacific (Moser and 

Smith, 1993). In cases where the same species of fish larvae were present on 

both sides of the front, Moser noted distinctly deeper daytime depths of 

migrating fish indicating increased DVM amplitude. Previous studies have 

shown that the area around the Ensenada Front is a transitional region 

between southern, Eastern Tropical Pacific-associated zooplankton taxa and 
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northern-associated taxa (Brinton, 1976). While integrated chlorophyll-a (0-250 

m) did not change significantly across the front (Haury et al., 1993), the 

vertical distribution of chlorophyll-a did change from a deep chlorophyll 

maximum layer south of the front to surface layer north of the front.  

Interestingly, the frontal zone was associated with change in southern to 

northern-associated phytoplankton groups. Instead, Central Pacific-associated 

flora dominated both sides of the front (Venrick, 2000). 

 

The A-Front 

The A-front study was the result of a brief, intensive and multi-

disciplinary sampling effort across a sharp east-west running front 330 km due 

west of San Diego California (Landry, Ohman, et al. 2012). While located in 

the same general area as the Ensenada Front, the A-front appeared to be a 

separate, distinct front that exhibited much stronger cross-front gradients in 

temperature, salinity and chlorophyll, and separated previously upwelled 

coastal water from mixed CC and subtropical waters. The study found strong 

cross-frontal variations in phytoplankton community with surface expressions 

of chlorophyll 3-4 fold higher north of the front compared to south, and a shift 

from Prochlorococcus and blue-water associated Synechococcus to a mix of 

blue and green-water associated Synechococcus (Chekalyuk et al., 2012; 

Taylor et al., 2012). Fauna south of the front were dominated by 

poecilostomatoid copepods, ostracods, chaetognaths and radiolaria, whereas 

calanoid copepods, Oithona-like copepods, and euphausiids were elevated at 
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and north of the front compared to the south (Ohman et al., 2012). The front 

itself was associated with increased nitrate supply (Li et al., 2012) and 

increased autrotrophic biomass, dominated by chain-forming diatoms (Taylor 

et al., 2012). The center of the front was also associated with maximal total 

zooplankton levels (and maximal levels of all enumerated mesozooplankton 

taxa except ostracods and radiolarian), and elevated copepod nauplii (Ohman 

et al., 2012). Taken together, these results indicate that increased abundances 

and production rates at the front could be triggered by a combination of frontal 

convergence and/or localized nitrate injection into the surface waters, though 

the complete 3-D picture of the frontal system is not yet sufficient to identify 

the mechanism definitively (Landry, Ohman, et al., 2012).  

 

Research questions 

My research is motivated primarily by a broader desire to understand 

the ecological significance of dynamic, evolving frontal structures within the 

CCS. How much of a role do fronts play in shaping zooplankton distributions? 

Are fronts generally sites of biomass accumulation that can be targeted by 

foraging mobile predators? For the zooplankton, what is the balance of 

reproduction, growth and mortality rates? Do fronts increase or decrease 

overall secondary production with the CCS? Do most fronts act as boundaries 

separating zooplankton assemblages, or if not, does the same assemblage 

behave differently when exposed to different environments present on either 

side of a front?  
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These motivating questions are too broad for the scope of a single 

dissertation and would require enormous resources to study given the spatial 

and temporal variability of the CCS. However, I will focus on a subset of them, 

including how fronts shape zooplankton biomass distributions in the SCCS, 

under what conditions fronts are zones of zooplankton biomass accumulation, 

and how fronts modulate zooplankton vertical migration behavior and may act 

to structure zooplankton assemblages.   

 

Research approach 

To date, almost all studies examining the physical-biological 

interactions and ecology at fronts have involved limited duration ship-based 

sampling efforts. These studies are useful in the breadth and depth of 

measurements and sampling that can be performed during the course of a 

study. Ship-based studies can provide a detailed look at the physical dynamics 

and biological processes occurring during a small window in time.  

However, an important characteristic of fronts is their inherent 

variability. The physical and biological character of fronts varies greatly within 

the CCS across space and time. Furthermore, along the length of a single 

front, one can find upwelling zones, downwelling zones, convergent or 

divergent surface flows, complex outcroppings due to ageostrophic secondary 

circulation, all embedded within regions with varying plankton assemblages. 

Thus, in order to understand the ecological significance of fronts, it is 

necessary to observe a large number of fronts across a wide geographic area 



27 
 

 

over timescales sufficient to capture frontal variability. This is an impossible 

task using ship-based methods alone, due to the expense and the labor 

involved. Satellites are very useful for observing fronts over space and time, 

but they are also of limited use in the study of subsurface hydrography and 

plankton distributions.  Unfortunately, there is no zooplankton-sensing satellite. 

Consequently, to address my specific research questions, I have relied 

on data acquired by Spray autonomous ocean gliders. Spray gliders are a 

class of Autonomous Underwater Vehicles (AUV) that combine buoyancy 

control, a controllable center of gravity, and lift generating surfaces to translate 

gravitational potential into steerable, forward motion (Sherman et al., 2001). 

Since they do not require active propulsion, gliders use very little energy to 

conduct profiles of the water column. With regard to the Spray gliders used in 

this dissertation, each glider carried a pumped Seabird CTD and chlorophyll a 

fluorometer to profile water column properties, as well as a compact 750kHz 

Acoustic Doppler Profiler (ADP) to measure current velocities and acoustic 

backscatter (ABS). The ABS measured by Spray is proportional to 

zooplankton biomass (Powell and Ohman, 2012). Preliminary results from a 

few glider missions showed strong covariability of density fronts with elevated 

horizontal gradients in fluorescence and ABS (Davis et al., 2008). However, 

the Davis study did not examine the strength and variability of the relationship 

between physical fronts and biological structure as visible in the glider data in 

a statistical manner. This dissertation examines a longer time series of glider 

data from 2006 through 2011 to examine the physical-biological coupling of 
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fronts, the seasonality and spatial distribution of fronts along CalCOFI lines 80 

and 90 over this time period, and the biological responses to fronts as visible 

in the glider data.  

 

Description of chapters 

First, in chapter 2, I examine the applicability of the Spray glider-based 

ADP to measure biomass. This methods-focused chapter presents an analysis 

of data and samples collected in October 2010 in the Santa Barbara Basin 

using an ADP mounted on a Mocness (Wiebe et al., 1985). This co-location of 

instruments permitted me to collect acoustic data and plankton samples 

simultaneously within discrete depth strata. My analysis of these data and 

samples shows that ABS is significantly correlated with bulk zooplankton 

biomass, though there are wide confidence intervals on any individual biomass 

estimate. I also determined that ABS is most strongly correlated with 

zooplankters with an Equivalent Circular Diameter (ECD) greater than 1.6 mm 

and that the presence of rare, but strongly scattering taxa such pteropods and 

siphonophores (Stanton et al., 1994), did not alter the observed relationship 

between observed ABS and total net-collected biomass. These results were 

published (Powell and Ohman, 2012) and the manuscript is presented here. 

In chapter 3, I examine the relationship between physical and biological 

fronts through the comparison of horizontal gradients of physical properties 

(e.g., density gradient) with horizontal gradients in ABS and chlorophyll a 

fluorescence. Specifically, I test the hypotheses that fronts exhibit a non-
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random spatial and seasonal distribution in the SCCS, that biotic gradients in 

acoustic backscatter and Chl-a fluorescence co-vary with physical gradients, 

and that fronts are zones of plankton accumulation. I define criteria for a 

physical front and then examine which of these fronts are associated with 

elevated ABS and fluorescence. Using this approach, I find not only that fronts 

are significantly associated with stronger horizontal gradients of ABS and 

fluorescence, but also that there is evidence supporting the hypothesis of 

zooplankton and phytoplankton accumulation at fronts. I also examine the 

spatial and seasonal distribution of fronts over the five-year time series, 

relating the observed distribution patterns to the physical circulation of the 

SCCS (including seasonal and interannual variation within the CCS) as well as 

to reported frontal distributions determined from satellite-based studies 

(Castelao et al., 2006). 

In chapter 4, I examine some biological responses to physical fronts as 

seen in the glider data. First, I test the hypothesis that the depth of the 

chlorophyll maximum and euphotic zone increases across fronts. Next, I 

examine changes in zooplankton DVM behavior across fronts by tracking 

daytime versus nighttime vertical distributions of ABS across fronts and relate 

these changes in DVM amplitude to modeled light penetration depths, and find 

that DVM amplitude is increased offshore of fronts. Finally, I present data 

supporting cross-frontal changes in the size-structure of the zooplankton 

assemblage based upon interbeam differences in ABS measured by the ADP. 
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These acoustically-based results were corroborated by vertically-stratified 

Mocness sampling and subsequent ZooScan digital analysis. 

I finish in chapter 5 with a summary of results and a discussion of the 

broader implications of this dissertation. I also recommend some next steps 

necessary to advance research in frontal ecology. Finally, I present a call to 

arms to ocean scientists to better utilize the new tools of autonomous vehicles 

and high-resolution ocean modeling. A bright future lays ahead for ocean 

research, if we choose to grasp it. 
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Table 1.1: Water masses of the California Current System (L= Low;  

 H = High). After Simpson, 1984 

 

 
T S O2 Nutrients 

Surface Water Masses 
(0-200m)     

Pacific Subarctic L L H H 
N. Pacific Central H H L L 
Coastal Upwelled L H L H 

Surface Water Masses 
(200-500m)     

Equatorial Pacific H H L H 
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Chapter 3: 

Co-variability of zooplankton gradients with glider-detected density fronts  

in the Southern California Current System 

 

Abstract 

Fronts represent sharp boundaries in ocean conditions. However, 

seasonal and interannual variation in their occurrence and effects on the 

distributions of pelagic organisms are poorly understood. Here I report the results 

from six years of ocean front observations (2006 to 2011) along two transects 

across the Southern California Current System (SCCS) using autonomous Spray 

ocean gliders.  I identified 154 near-surface density fronts along 124 transects 

consisting of 22,942 vertical profiles. The incidence of surface density fronts 

showed distinct seasonality, with fewer fronts occurring during winter months and 

more numerous and stronger fronts in the nearshore during spring. Summer and 

fall fronts were also more numerous than winter fronts, and located farther 

offshore than spring fronts. Horizontal density gradients in the surface layer (0-50 

m) were significantly correlated with horizontal gradients in surface layer 

chlorophyll-a (Chl-a) fluorescence as well as with mean volume backscatter 

(MVBS) recorded by a 750 kHz acoustic Doppler profiler, suggesting that density 

fronts were zones of rapidly changing phytoplankton and zooplankton biomass 

concentrations. Surface density fronts were also more likely to be zones of 

enhanced MVBS and Chl-a  fluorescence compared to regions flanking the 

fronts, indicating that zooplankton and phytoplankton biomass  tended to be 
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concentrated at fronts. MVBS and Chl-a fluorescence gradients were significantly 

correlated with gradients in other hydrographic variables such as temperature, 

salinity, and in some cases spiciness, though density gradients remained the 

single best predictor of strong MVBS and fluorescence gradients. I also examine 

the implications of observed patterns in front occurrence for prey foraging by 

mobile predators such as birds, marine mammals, and larger fish, and discuss 

the implications of the results in the context of long-term trends in ocean fronts in 

the SCCS.  

 

Introduction 

Fronts delineate boundaries between different water masses or parcels, 

and consequently are often areas characterized by strong horizontal gradients in 

hydrographic properties such as density, temperature, or salinity (Legeckis 1978, 

Sournia 1994). While there are several categories of fronts, generated under a 

variety of conditions (e.g., estuarine fronts, river plume fronts, tidal fronts, shelf-

break fronts, among others), this paper examines open ocean fronts in the 

Southern California Current System (SCCS) and their role in shaping 

zooplankton and phytoplankton distributions.  

Fronts have long been considered to be locations of special ecological 

significance for zooplankton (Lefevre 1986, Boucher et al. 1987). Both modeling 

studies and field observations have demonstrated that primary productivity can 

be significantly elevated at fronts due to transient vertical mixing events (Claustre 
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et al. 1994, Franks and Walstad 1997). Enhanced nutrient availability can enable 

growth of larger phytoplankton such as diatoms (Claustre et al. 1994, Landry et 

al. 2012, Taylor et al. 2012) which are more readily grazed by mesozooplankton, 

as compared to picophytoplankton which often dominate in oligotrophic 

conditions. Both the composition of zooplankton assemblages and the total 

biomass concentrations of zooplankton can change abruptly across fronts 

(Mackas et al. 1991, Ohman et al. 2012). Increased egg production rates by 

mesozooplankton have been observed at phytoplankton-rich fronts (Smith and 

Lane 1991). Fronts have also been observed to have elevated abundances of 

highly mobile predators such as large fish (Fiedler and Bernard 1987, Podesta et 

al. 1993), marine mammals (Tynan et al. 2005, Bost et al. 2009), and seabirds 

(Ainley et al. 2009, Kai et al. 2009). GPS-tracking studies have confirmed that 

seabirds can actively target and follow open ocean fronts (Kai et al. 2009). 

Our understanding of zooplankton ecology at fronts is limited, however, 

because fronts are dynamic and often inadequately sampled in field studies. In 

addition, advection along the length of a single front can vary rapidly from 

convergent to divergent, and from upwelling to downwelling in response to local 

winds (Franks and Walstad 1997, D'Asaro et al. 2011), frontal meanders (Bower 

1991), or secondary circulation (D'Asaro et al. 2011), leading to changes in 

nutrient supply, light penetration, and localized accumulation and dispersal of 

plankton. Fronts can persist on timescales varying from days to weeks, making 

prediction of zooplankton and phytoplankton responses to altered environmental 
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conditions at fronts difficult. Furthermore, zooplankton are not passive particles 

and can alter their swimming or vertical migration behavior in response to 

changing physical conditions. Varying vertical migration behavior can lead to 

markedly different zooplankton densities at both convergent and divergent flows 

(Franks 1992).  

Most studies of plankton responses to fronts have focused on predictable, 

recurrent shallow-water fronts such as tidal and estuarine fronts (Pingree et al. 

1975), or semi-permanent deep ocean fronts such as the Ligurian Front in the 

Mediterranean Sea (Boucher et al. 1987). In contrast, the Southern California 

Current System (SCCS) is characterized by complex and varying mesoscale 

structures including fronts, jets, and eddies, especially within a transitional zone 

centered approximately 200 km offshore that separates the nearshore, coastally-

upwelled waters from both the core California Current and the subtropical-

influenced waters further offshore (Lynn and Simpson 1987). Modeling studies 

have suggested that intensification of equatorward winds, especially off central 

California, in spring and summer increase baroclinic instabilities in the wind-

forced alongshore currents and consequently lead to an increase in 

frontogenesis with increased formation of meanders, jets and mesoscale eddies 

(Marchesiello et al. 2003, Capet et al. 2008). Submesoscale and fine-scale 

frontal features can also be spawned from instabilities in the mesoscale features 

via ageostrophic secondary circulation (Johnston et al. 2011). 
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Zooplankton within the SCCS, are therefore subject to continually varying 

environments where they may be carried into convergent features, entrained 

within eddies or fast-moving jets, or maintained within quiescent waters. Each of 

these environments presents zooplankton with different conditions of food 

availability, predation pressure, dispersal potential, and potential for reproductive 

success. Consequently, these varying conditions can lead to spatially variable 

zooplankton and phytoplankton densities, leading to plankton fronts or 

accumulation zones.  

Mechanisms leading to the development of  plankton gradients or 

localized accumulation zones can be divided into four general categories. 

Plankton can accumulate due to convergent flows. Horizontal shear or stirring 

can bring two water parcels containing different plankton concentrations in close 

proximity. Altered in situ plankton growth or predation can increase or decrease 

local densities. Lastly, changes in zooplankton swimming and vertical migration 

behavior can interact with local advection patterns, leading to the local 

accumulation or dispersal of zooplankton. Regardless of which mechanism 

dominates in specific cases, however, the front-seeking behavior observed in 

highly-mobile predators (Kai et al. 2009) suggests that zooplankton accumulation 

at fronts is not uncommon, and that fronts, while limited in areal extent, may play 

a disproportionate role in predator behavior as well as zooplankton reproduction, 

growth and mortality. 
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In a previous study of zooplankton in fronts extending from Point Arena in 

northern California, Mackas et al. (1991) found that zooplankton biomass was 4-

fold higher on the cool, dense side of a filament compared to the warm, fresh 

side of the filament. These authors also found that zooplankton assemblages 

changed strongly across the filament from a euphausiid and doliolid-dominated 

assemblage on the cool side to a small-copepod, chaetognath and heteropod-

dominated assemblage on the warm side. Smith and Lane (1991), studying the 

same filament, found that egg production by Eucalanus californicus was 

enhanced within the southern (cold) edge of the jet and in the cool waters 

adjacent to the jet, and concluded that elevated food supply in these areas 

permitted increased egg production.  

A study of the Ensenada Front (Haury et al. 1993), a semi-recurrent frontal 

feature west of San Diego, also found 3-4 fold higher zooplankton displacement 

volumes on the cool (North) side of the front where primary productivity was also 

elevated. Interestingly, despite relatively weak cross-front gradients in physical 

variables, the increase in zooplankton displacement volumes occurred over an 

abrupt transition of only 15 km. Moser and Smith (1993) found distinct 

assemblages of fish larvae on either side of the Ensenada Front, and distinct 

vertical migration behaviors in species of fish that were found on both sides of 

the front. 

Another front study within the SCCS near the Ensenada Front, the A-Front 

study, found 2-3 fold increases in zooplankton and phytoplankton biomass on the 
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northern (cool) side of the front (Ohman et al. 2012, Taylor et al. 2012). Within 

the core of the front itself, diatom biomass, as well as bacterial production, was 

greatly enhanced (Samo et al. 2012, Taylor et al. 2012). Zooplankton 

assemblages changed from a particle-grazer dominated assemblage north of the 

front (mostly calanoid and Oithona-like copepods, euphausiids, and 

appendicularians) to a carnivore-dominated assemblage to the south 

(poecilostomatoid copepods, ostracods, chaetognaths and radiolarians; Ohman 

et al., 2012). Increased calanoid copepod and copepod nauplii biomass within 

the front itself suggested that secondary production was elevated within the front, 

perhaps due to increased food availability. 

Taken together, these previous studies suggest that fronts may be 

important in structuring the distribution, productivity and behavior of zooplankton 

within the CCS. However, each study based its conclusions on observations of 

limited duration of a single front for which shipboard sampling was possible. To 

assess the importance of fronts more generally, it is necessary to observe a 

variety of fronts over an extended period, throughout different seasons, and 

across a broad area. 

Autonomous ocean gliders represent a means to extend our observational 

capabilities when studying ocean fronts. Since 2006, Spray gliders (Davis et al. 

2008)  have been deployed nearly continuously along two cross-shore ocean 

transects, Line 80 and Line 90 within the SCCS (Fig. 1). Lines 80 and 90 are part 

of the CalCOFI sampling grid that has been sampled by ship for more than sixty 
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years, and since 2004 have been sampled as part of the California Current 

Ecosystem – Long Term Ecological Research (CCE-LTER) program 

(http://cce.lternet.edu).  Together, Lines 80 and 90 span the range of 

oceanographic conditions found within the SCCS. Line 80, extending west-

southwest from Point Conception, is often marked by cold, upwelled waters close 

to the coast, and is bounded to the west by the fresher and somewhat warmer 

core of the equatorward-flowing California Current (CC) proper, which typically 

becomes progressively warmer and saltier towards the west.  The major 

currents, including the CC, the California Undercurrent (CUC), and the Inshore 

Countercurrent (ICC) crossing line 80 are often intensified compared to Line 90, 

with more compact, faster flowing cores. In contrast, Line 90 is often influenced 

by warmer, more subtropical waters intruding from the south and west. As the 

prevailing currents along line 90 are generally broader, and more diffuse, 

maximum current velocities tend to be reduced as well. The bottom topography 

of lines 80 and 90 are also quite different. Bottom depth along line 80 increases 

nearly monotonically, and rapidly, with distance offshore as it traverses the 

continental slope. Line 90, on the other hand, crosses over several undersea 

ridges and sea mounts as it traverses the Southern California Bight. The differing 

bathymetries of lines 80 and 90 may influence the mechanisms by which fronts 

form along these two lines.  

While each glider transect provides only a two-dimensional slice of a 

complex three-dimensional flow field, the existence of a multi-year collection of 
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glider transects provides an excellent opportunity to examine the relationship 

between ocean fronts and plankton distributions. Here, I will test specific 

hypotheses regarding the covariability of ocean fronts and zooplankton and 

phytoplankton gradients within the SCCS.  

Hypothesis 1: The distribution of ocean fronts is non-random, showing distinct 

seasonal and cross-shore patterns.  

Hypothesis 2: Gradients in biotic properties co-vary with gradients in physical 

ocean properties.  

Hypothesis 3: Ocean fronts are more likely to be zones of plankton accumulation 

compared with non-frontal areas.  

Furthermore, if fronts are zones of changing biotic gradients and plankton 

accumulation, glider data can help assess which mechanisms (e.g., convergent 

advection, horizontal stirring, biological growth, or organismal behavioral 

changes) might explain the observed patterns. 

 

Methods 

Study Area and Duration 

The data included in this analysis span October 2006 to July 2011, though 

gliders continue to be deployed at time of publication. During this period, gliders 

were deployed nearly continuously along lines 80 and 90 of the CalCOFI 

sampling area (Fig 3.1). Gliders traveling along the two lines traverse from about 
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20 km off the coast to a maximum 370 km (line 80) and 585 km (line 90) 

offshore. A total of 124 transects were completed during the study period 

comprising 22,942 vertical profiles. 

 

Spray glider and instrument payload 

The Spray glider (Sherman et al., 2001) is a buoyancy-controlled 

autonomous underwater vehicle capable of conducting profiles to 1000 m depth 

for up to 4 months at a time. The vehicle profiles in a sawtooth pattern, travelling 

at an average speed of 25 cm s-1 through the water, at an angle of 17 degrees 

from the horizontal. For this study, gliders descended to a maximum depth of 500 

m, or to within approximately 5 m from the bottom in shallower waters. At the end 

of each profile, the glider surfaces, establishes a GPS fix, and uploads data 

through communication with the Iridium satellite system. The glider follows a pre-

programmed mission along a transect until it receives instructions to change 

operations. In waters deeper than 500 m, the glider will complete a profile cycle 

every 3 hours, on average, with an average spacing between profiles of 3 km.  

The Spray’s instrument payload during this study included a Seabird 41CP 

Conductivity-Temperature-Depth (CTD) sensor, a mini-Seapoint chlorophyll-a 

fluorometer (mini-SCF), and a Sontek 750-kHz, 3-beam Acoustic Doppler Profiler 

(ADP). During sampling, seawater is continuously pumped through the CTD and 

the fluorometer to maintain a constant flow rate past the sensors. Biofouling is 

inhibited by pumping seawater through a biocide-treated intake tube.  
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The Seapoint fluorometers used in this study had a central excitation peak 

of 470 nm and measured fluorescence at an emission peak of 685 nm. 

Fluorometers were regularly calibrated between deployments using a standard 

set of dilutions of pure chlorophyll a (Sigma Life Sciences) dissolved in 90% 

acetone. The calibration procedure was consistent in that each Chl-a standard 

was first loaded into a 13 mm diameter borosilicate round cuvette, and then 

placed within a machined cuvette-holder that held the standard at a fixed 

distance from the optical surfaces of the fluorometer. For each calibration, a 

slope value (i.e., µg Chl-a L-1 V-1) was determined from a regression of recorded 

voltage with dissolved Chl-a concentrations. Regular calibration enabled inter-

comparison of data from the same sensor during different deployments, and also 

comparability of data recorded by different sensors. The fluorometer response 

recorded during deployments is reported here in standardized Chl-a fluorescence 

units (SFU), where one SFU is defined as the measured fluorescence signal 

(volts) from 10 µg L-1 of Chl-a dissolved in 90% acetone (cf. previously reported 

as Dissolved Chlorophyll Fluorescence Equivalents (DCFE) in Davis et al., 

2008). In vivo fluorescence data were converted into SFU by multiplying the 

recorded voltages by the mean slope value determined from pre- and post-

deployment calibrations. For the fluorometers used in this study, one SFU 

corresponds very approximately to 2 µg Chl-a L-1. While SFU data cannot be 

directly converted into in situ Chl-a concentrations, SFU data do provide useful 

measures of standardized Chl-a fluorescence that are comparable during the 

study. 



 

 

61 

The Sontek Spray ADP is mounted on the glider so that it points directly 

down during glider ascent, so that each of the three beams has a slant angle of 

25° from vertical. Each beam has a 3 dB beam-width of 2°. Both current velocity 

and acoustic backscatter (ABS) data from the ADP are recorded upon ascent in 

five 4-m vertical range bins so that vertical resolution of the completed profile is 4 

m. The backscatter measured by the ADP is reported in acoustic counts, which is 

the digitized output from a log-linear amplifier. Regular calibration of each ADP 

instrumentusing a standard tungsten-carbide target suspended in a test pool 

revealed an average difference in ABS recorded by an individual ADP across 

multiple deployments of 2.5 dB, and an average difference between different 

ADP instruments of 3 dB. The recorded ABS is then converted into Volume 

Backscatter, Sv, using the sonar equation Sv = RL – SL + 2TL – 10 Log10 V, 

where Receiver Level (RL) is the recorded ABS in dB, Source Level (SL) in 

decibels is empirically determined during instrument calibration, Transmission 

Loss (TL) is equivalent to 20 Log10 R + αR, where R is the range in meters to the 

midpoint of the bin and α is the sound attenuation coefficient (dB m-1), and V is 

the volume in cubic meters. Volume backscatter measurements are averaged to 

yield Mean Volume Backscatter (MVBS). 

Previous work comparing ABS recorded by the Sontek ADP with collected 

net samples established that recorded ABS is proportional to the log of 

zooplankton biomass in the vicinity of the ADP (Powell and Ohman 2012). 

ZooScan image analysis of zooplankton in net samples showed ABS was most 

closely related to zooplankton with an equivalent circular diameter ≥ 1.6 mm, 
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approximately the acoustic wavelength emitted by the transducer.  It is important 

to note, however, that the method used to calculate relative MVBS in Powell and 

Ohman (2012) relied on a different formulation of the sonar equation (SonTek 

1997). The standard sonar equation presented here (Medwin and Clay 1998) 

includes a 10 Log10 V term rather than a 10 Log10 PL term (where PL is the 

acoustic pulse length), which permitted comparison of backscatter from different 

range cells. Applying this method to the data from Powell and Ohman (2012) did 

not alter any of the results or conclusions of that paper.  

 

Glider data processing 

 Data from each glider deployment were downloaded from the glider’s 

flash memory upon glider recovery and then imported into MATLAB for 

preliminary processing and quality assurance and control. Bad data, as 

determined by processing scripts or visual inspection, were excluded from further 

analysis. The data from all glider deployments were then harvested into a master 

MATLAB dataset and grouped by transect. Only data from complete transects, 

where the glider completed 90% or more of its intended trackline, were included 

in the analysis. Variables included in this study include temperature, salinity, 

density, Chl-a fluorescence (as SFU), salinity on potential isopycnals, which has 

the same information as spice (Flament 2002), cross-track and along-track 

current velocity, and MVBS. For each profile within a given transect, all data were 

vertically averaged into 5-m bins. Most analyses in this study examine changes 

in measured variables in a surface layer from 0 to 50 m. 
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Gradients, enhancement index and front detection. 

Comparing glider data from one profile to the next is confounded by diel 

periodicity in biological signals (in the case of MVBS and in vivo fluorescence 

data), and by the influence of internal tides and inertial motions (in the case of 

hydrographic variables). For example, diel vertical migrations (DVM) by 

zooplankton and micronekton dramatically influence the total biomass 

concentrations observed in daytime surface waters (Lampert 1989). Thus, 

searching for biological fronts by directly comparing surface MVBS from adjacent 

nighttime and daytime profiles is impossible. Similarly, measured fluorescence in 

surface waters is strongly affected by the daytime decrease in Chl-a fluorescence 

due to non-photochemical quenching, and to daytime photo-protective strategies 

employed by phytoplankton (Cullen and Lewis 1995). Furthermore, the 

calculation of gradients in hydrographic variables (i.e., density, temperature, 

salinity, etc.), is confounded by internal tides and waves which can vertically 

displace physical features such as the thermocline from dive to dive. For these 

reasons, both physical and biological data were smoothed prior to use by 

averaging observations within a 24-hour period. Gradients (Fig. 2A,B) are 

defined as the difference between averages of properties from the 24 h periods 

before and after the glider reached a location. By definition here, a gradient is the 

offshore average minus the inshore average. 

The enhancement index (Fig. 2C,D) of a given dive measures whether the 

waters within a 24 h block of dives just inshore of the given dive exhibit increased 
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(positive), decreased (negative), or neither increased or decreased (zero) 

enhancement of average MVBS or Chl-a fluorescence compared to the two 

flanking 24 h blocks. For a given dive location, the center block (“box2”), contains 

the 24 h period just inshore of the dive, and the two flanking blocks (“box1” and 

“box3”) are located inshore and offshore, respectively. The enhancement index is 

equal to A × abs(Box2-Box1) + abs(Box2-Box3), where A equals 1 if Box2 is 

higher than Box1 and Box3, A equals -1 if Box2 is lower than Box1 and Box3, or 

A equals 0 otherwise. Fronts are identified algorithmically (Fig. 2). Dives with 

horizontal density gradient values greater than the 95th percentile or less than the 

5th percentile are flagged as potential “positive” or “negative” density fronts, 

respectively. When more than one contiguous dive is flagged as a potential front, 

the dive with the maximum (minimum) gradient value within the contiguous run of 

dives is denoted as a positive (negative) density front. Other front types, 

identified with any of the other glider-measured or derived variables (e.g., thermal 

fronts, salinity fronts, MVBS fronts), are identified in an identical manner.  

 

Results 

Coincident biological and physical structures  

Visual inspection of glider transects reveals that regions of increased 

horizontal gradients in biotic properties such as ABS and Chl-a fluorescence are 

often, but not always, associated with oceanic density fronts.  In an example 

glider section (Fig. 3.3), a sharp density front is co-located with corresponding 

fronts in temperature, salinity, MVBS and local maxima in cross-track and along-
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track current velocities in the top 50 m. There is a 9 dB drop in mean MVBS in 

the top 50 m across the density front which could correspond to an 8-fold change 

in biomass. This particular front does not manifest a corresponding front in Chl-a 

fluorescence, indicating that the relationship between physical and biological 

properties at fronts is variable, and that zooplankton and phytoplankton may be, 

at times, independently influenced by frontal conditions, or that interactions 

between zooplankton and phytoplankton at fronts also act to structure 

abundance and biomass concentrations. 

 

Oceanic density fronts along lines 80 and 90 

A total of 81 density fronts along line 80, and 73 density fronts along line 

90 were identified by the front-detection criteria. Lines 80 and 90 differed 

somewhat in the distribution of their respective fronts in terms of location 

(distance offshore) and day of the year (Fig. 3.4). There were relatively few fronts 

in the offshore portion of transects along line 80, with most fronts found within 

125 km of the shore. There were also relatively few fronts during the first 90 days 

of the year. A comparison of density gradients at fronts along lines 80 and 90 

indicated that gradient magnitudes were significantly stronger along line 80 

(p<0.05, Mann-Whitney U).  Tests of the effect of season upon front incidence 

and front strength (as measured by the magnitude of the along-track density 

gradient) for lines 80 and 90 (Fig. 3.5a) confirmed the seasonal patterns 

suggested in Figure 3.4. There were significantly fewer fronts in winter for line 80, 

and there were significantly more fronts in fall along line 90 (p<0.05, binomial test 
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with Bonferroni correction). The magnitudes of density gradients at fronts did not 

vary significantly by season for lines 80 and 90 (p>0.05, Kruskal-Wallis), although 

the decreased front strength observed along line 80 in winter was marginally 

significant (p=0.06). 

To test the influence of distance offshore upon front incidence and front 

strength, fronts along line 80 and along 90 were classified into one of three 

distance categories: near-shore, transitional, and offshore. The boundaries of 

these categories were based on dividing the full length of the nominal transect 

line into thirds. Thus, the length of line 80 sections is shorter than those for line 

90. There were significantly more fronts inshore and significantly fewer fronts 

offshore for line 80 (p<0.05, binomial test with Bonferroni correction; Fig. 3.5b). 

The magnitude of density gradients at fronts along lines 80 and 90 did not vary 

significantly with distance offshore (p>0.05, Kruskal-Wallis). 

There is also a suggestion that changes in the median distance offshore of 

fronts is affected by the spring transition in the CCS (Fig. 3.6). Fronts were 

predominantly located close to the coast during March and April along line 90 (p 

< 0.05). In contrast, median distance offshore was greater for all other bimonthly 

periods and greatest during January and February, a period which was marked 

by few fronts and decreased magnitudes of density gradients. 

 

Covariability of density and MVBS, Chl-a gradients  

Density gradients and MVBS gradients co-varied during the study period. 

There is a significant rank correlation between horizontal gradients in density and 
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horizontal gradients in MVBS (Fig. 3.7a,c) for both line 80 (rs = 0.42, p<0.001) 

and line 90 (rs = 0.43, p<0.001). Furthermore, the MVBS gradients at dives 

identified as density fronts are significantly higher compared to the MVBS 

gradients at dives not associated with density fronts (Fig. 3.7b,d; p<0.001, Mann 

Whitney U). While the relationship between density and MVBS gradients is 

significant, it is also variable. Not all dives identified as a positive density front 

also exhibit a strong, positive MVBS gradient, indicating that other factors 

besides density gradient strength influence the distribution of zooplankton 

gradients. 

Chlorophyll-a fluorescence gradients also show a significant, positive rank 

correlation with density gradients (Fig. 3.8a,c), though not as strong (line 80: rs = 

0.31, p<0.001; line 90: rs = 0.36, p<0.001). Similarly, the Chl-a gradients at fronts 

are significantly higher than at non-fronts (Fig. 3.8 b,d; p<0.001, Mann Whitney 

U) Interestingly, the rank correlation between MVBS gradients and Chl-a 

fluorescence gradients is weaker (line 80: p<0.001, rs = 0.23; line 90: p<0.001, rs 

= 0.26) than that of the density gradient with either the MVBS gradient or Chl-a 

fluorescence gradient, indicating that high horizontal gradients in chlorophyll-a 

are a worse predictor of zooplankton distributions than the presence of high 

horizontal gradients in density.  This pattern may arise because zooplankton and 

phytoplankton distributions are independently influenced by physical ocean 

structures, or because grazer-herbivore interactions between zooplankton and 

phytoplankton do not necessarily lead to linear correlations.  
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Enhanced MVBS at ocean density fronts 

The covariability of MVBS gradients with density gradients suggests that 

ocean fronts often function as borders between water parcels with differing 

zooplankton characteristics, indicating that denser surface waters on average 

either contain greater zooplankton biomass, or contain zooplankton assemblages 

with different backscattering characteristics. The acoustic backscatter 

enhancement index associated with dives identified as positive density fronts is 

significantly elevated compared to all other, non-front dives (Fig. 3.9a,b; line 80: 

p<0.001; line 90: p<0.001, Mann-Whitney U test), whereas negative density 

fronts exhibited negative acoustic backscatter enhancement (Fig. 3.9c,d; line 80: 

p<0.001; line 90: p<0.001). Similarly, the enhancement index is significantly 

lower inshore of dives identified as negative density fronts in which the 

isopycnals shoal with increasing distance offshore (line 80: p<0.001; line 90: 

p<0.001). Positive density fronts were also associated with positive Chl-a 

fluorescence enhancement (Fig. 3.10a,b; line 80: p<0.001; line 90: p<0.001), 

whereas negative density fronts exhibited negative Chl-a fluorescence 

enhancement (Figure 3.10c,d; line 80: p<0.001; line 90: p<0.001). Together 

these results indicate that fronts not only act as borders between water parcels, 

but also that fronts can act as zones of biological enhancement. Instances of 

positive, negative and zero enhancement at fronts did not show a clear pattern in 

seasonal or cross-shore distributions (Fig. 3.11). 
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Covariability of MVBS with other hydrographic variables  

Other hydrographic variables in addition to density (temperature, salinity, 

SFU) and the respective horizontal gradients in these variables show significant 

relationships with mean surface MVBS and surface MVBS gradients, respectively 

(Table 3.1). While mean surface density and horizontal gradients in surface 

density remain the best predictors for mean surface MVBS and horizontal 

gradients in surface MVBS, respectively, temperature and temperature gradients 

are nearly as good predictors. Variables measuring cross-track currents (v) and 

shear (dv/dx), as well as along-track currents (u) and dilation or constriction in 

the along-track direction (du/dx) were not significantly correlated with MVBS or 

MVBS gradients, respectively, with the exception of a very weak correlation 

between cross-track and along-track current velocities with MVBS along line 80. 

Glider dives identified as ocean density fronts exhibited the strongest 

MVBS gradients when compared to non-front dives, such that the median value 

of MVBS gradients at front dives was equal to the 88.1th percentile (line 80) and 

91.8th percentile (line 90) of the MVBS gradients of non-front dives – a differential 

from the 50th percentile of 38.1 and 41.8, respectively (Table 3.2). The difference 

in medians between front dives and non-front dives was significant (p<0.001, 

Mann-Whitney U). Again, other front types, particularly temperature and salinity 

fronts, exhibited MVBS gradients that differed significantly from non-front 

associated MVBS gradients, but no other front types were found to have as large 

a differential between MVBS gradient medians. For line 80 dives, the median 

MVBS gradient values at shear and dilation fronts were not significantly different 
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from the median MVBS gradient at non-front dives, (p>0.10), while for line 90 

only shear fronts were not significant (p>0.10).  

Correspondingly, dives identified as MVBS fronts were likely to be 

associated with stronger gradients in density and most other hydrographic 

variables when compared to non-MVBS-front dives (Table 3.3). Density 

remained the hydrographic variable with the greatest differential in gradients 

between MVBS front and non-front dives. Along lines 80 and 90, the median 

gradients in spice, shear and dilation were not significantly different (p > 0.10) for 

MVBS front-associated dives versus non-front dives, except for shear gradients 

along line 90 (p=0.026). Compared with the percentile differential for gradients in 

density, temperature, salinity, and SFU (34.7, 29.9, 36.9, and 30.0, respectively), 

however, the percentile difference for shear gradients at MVBS fronts versus 

non-fronts was significantly smaller (10.1). 

 

Discussion 

The high spatial resolution glider data, collected over six years, made it 

possible to test the three hypotheses posed in the Introduction concerning the 

coincidence of physical and biotic gradients. My tests reveal first that open ocean 

density fronts in the SCCS exhibit both seasonality and, in the case of line 80, a 

non-random cross-shore distribution. Second, horizontal gradients in acoustic 

backscatter (MVBS) and Chl-a are typically co-located with physical fronts. Third, 

fronts are more likely to be zones of plankton accumulation than non-frontal 

areas.  
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Analyses of the glider data suggest that the formation of biotic fronts and 

the accumulation of plankton is a complex process that cannot be attributed to a 

single causal mechanism.  Acoustic Doppler velocity data showed no consistent 

correlation with the presence of biotic fronts or accumulation zones, indicating 

that neither convergence nor horizontal shear alone (as measured by the gliders) 

could be the sole mechanism responsible for their formation. It also seems 

improbable that in situ growth can account solely for stronger MVBS gradients 

and accumulation observed at ocean fronts, since the generation time of 

zooplankton likely to contribute to the observed elevated MVBS is on the order of 

weeks to months, longer than most frontal conditions are likely to persist. 

However, it is conceivable that phytoplankton could accumulate within fronts in 

response to growth triggered by upwelled nutrients. It is also possible that 

alterations of zooplankton depth-seeking behaviors at fronts could lead to 

localized retention, but it is not possible to assess this possibility directly with the 

available data. It seems likely that zooplankton and phytoplankton accumulation 

zones form as the result of a combination of convergence, horizontal shear, 

altered growth rates and behaviors.  Directed studies are needed to examine the 

relative contributions of these mechanisms to biotic front formation in the SCCS. 

For example, additional gliders could repeatedly sample individual fronts 

identified by the line-transiting gliders in order to observe time-dependent flow 

fields, or gliders could carry additional biologically focused sensors that measure 

the potential for in situ growth (e.g., nitrate sensors, or perhaps fast repetition 

rate fluorometers to ascertain the physiological state of phytoplankton).  
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My observations of the spatial distribution of physical fronts are consistent 

with findings from other studies in the SCCS. In an analysis of ship-observed 

dynamic height anomalies, Lynn and Simpson (1987) found that the strongest 

cross-shore gradients in dynamic height occur during spring and summer, while 

the weakest cross-shore gradients occur during the winter months. Along line 80 

especially, the glider observations suggest that fronts are fewer and weaker 

during the winter months. Lynn and Simpson (1987) also found that variability in 

dynamic height is greatest in a broad transitional zone centered approximately 

200 km offshore along line 80 and 300 km offshore along line 90. As the 

maximum gradients in dynamic height migrate offshore through the spring, 

summer, and fall, it would be reasonable to assume that conditions meeting the 

present front criteria would also match this seasonal progression and be seen in 

the seasonal and cross shore distributions of glider-observed density fronts. 

However, fronts along line 80 consistently were most common closer to shore 

throughout the year. Fronts along line 90 more closely matched this progression, 

with front occurrence increasing from a minimum during March to April. Front 

incidence was also maximal within the 200-400 km band along line 90, again 

matching dynamic height data.  

Satellite altimetry data (Strub and James 2000) also corroborate the 

seasonal distribution of fronts detected by gliders. Strub and James (2000) found 

that high eddy kinetic energy (EKE) first appears in the spring near the coast; as 

the year progresses, the zone of highest EKE moves offshore until winter when 

the California Current jet collapses and generally weak EKE is present. The 
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seasonal progression in distance offshore of glider-detected fronts matches 

these observations, with the fewest fronts detected in winter months and the 

median distance offshore increasing from a minimum during the March-April 

period. The data show that the January-February months exhibited the greatest 

median distance offshore for fronts, but this is consistent with the idea that a 

combination of generally weak EKE and few fronts leads to a more random 

distribution of fronts spread across the entire cross-shore range. 

The glider data are also partially corroborated by a study of the 

seasonality of satellite-detected thermal fronts in the CCS (Castelao et al. 2006), 

which measured the bi-monthly climatology of the magnitude of thermal gradients 

as well as the cross-shore probability distribution of front occurrence from 2001 

to 2004. Similar to the glider results presented here, Castelao et al. (2006) found 

that the winter months were marked by fewer and weaker fronts that were 

broadly distributed cross-shore, followed by an abrupt shift to more numerous 

and stronger fronts that were concentrated in the near shore in the March to April 

period. After March and April, the zone of strong fronts and high front probability 

migrated farther offshore. This progression is similar to that observed by gliders 

along line 90, but is not clearly observable in the line 80 data. Since the glider 

observations do not overlap in time with the satellite observations, it is unclear 

whether interannual variation in seasonal patterns would explain the observed 

differences. However, the magnitude of temperature gradients at the satellite-

detected thermal fronts closely matched those measured at glider-detected 

fronts, suggesting that the fronts detected in the Castelao study may represent 
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the same phenomena as those measured by the glider. Kahru et al. (2012) also 

found a similar seasonal pattern in satellite-detected thermal front frequency in 

the waters north of Point Conception, with the fewest fronts occurring in winter 

followed by steadily increasing frontal frequencies throughout the spring and 

summer.  

The heterogeneous distribution of food resources throughout the ocean 

has important consequences for herbivorous and carnivorous animals. Mullin and 

Brooks (1976) observed that most marine animals would likely starve if food were 

uniformly distributed throughout the ocean. For both mobile planktivorous 

predators, and for zooplankton that might alter their vertical migration behavior to 

improve their retention in fronts, the observed enhancement of potential food 

resources at fronts could represent an important foraging opportunity.  Thus, the 

results presented here demonstrating that both Chl-a fluorescence gradients and 

MVBS gradients covary with hydrographic gradients during an extended 

sampling period and over a wide geographic area are important for several 

reasons. First, both satellite-based observational studies and modeling studies 

have demonstrated that open ocean fronts are a common feature in the ocean, 

especially in Eastern Boundary Upwelling Ecosystems such as the CCS (Belkin 

et al. 2009). Seasonal changes in the distribution of fronts (and therefore 

potentially the seasonal changes in food availability) may influence the timing of 

reproduction, feeding and migration strategies for many species.  

Second, the demonstrated covariability of physical and biological 

gradients complements observations that mobile predators like tuna target 
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thermal fronts (Fiedler and Bernard 1987). Given that there is increased 

likelihood of potential prey at these locations, the ability of a predator to swim up 

gradients would be an adaptive trait. Foraging strategies of highly mobile 

predators are not well understood., and it is unclear whether predators follow 

physical (e.g., temperature) gradients or gradients of prey concentration. The 

present results at least suggest that following physical gradients alone could be a 

successful strategy. 

Third, given the glider data presented here, we can estimate a mobile 

predator’s success rate in locating waters with better foraging potential if they 

were to travel up horizontal density gradients. As Figure 3.12 demonstrates, 

mobile predators traveling up a strong density gradient, such as would be found 

in a frontal zone, will encounter waters with higher mean acoustic backscatter 

(implying higher zooplankton densities) approximately 85% of the time, while a 

mobile predator traveling down this density gradient would find richer waters only 

15% of the time. These foraging success rates are independent of whether the 

predator is moving inshore or offshore. Thus, there would seem to be a strong 

selective pressure for mobile predators to preferentially travel up density 

gradients. 

Additionally, strictly physical accumulation mechanisms that entrain and 

concentrate plankton within frontal zones could have other important ecological 

effects such as stimulating rates of zooplankton grazing on phytoplankton, 

zooplankton mate encounter, reproductive success and fecundity, and somatic 
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growth. Population dynamics may be significantly altered at fronts compared to 

non-frontal zones.  

A recent analysis of satellite data found a long-term increase in the 

frequency of satellite-detected Chl-a and SST fronts within a 110,000 km2 study 

area in the SCCS (Kahru et al. 2012). The frequency of SST fronts increased 

almost 35% between 1981 and 2011, while the frequency of Chl-a fronts 

increased over 50% between 1997 and 2011. Kahru et al. (2012) attributed the 

increased frequency of fronts to the increased incidence of filaments and eddies 

driven by an increase in upwelling-favorable winds and coastal upwelling during 

the period (Garcia-Reyes and Largier 2010). Since ocean models of a warming 

SCCS project an intensification of mean currents and increased mesoscale eddy 

variance (Di Lorenzo et al. 2005), it seems likely that the frequency of fronts, and 

their importance to regional ecology, will continue to increase in the future. 
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Table 3.1. Spearman’s rank correlation (rs) of hydrographic and biotic variables 
and their respective gradients with MVBS and MVBS gradients. Asterisks 
indicate correlations that are not significant (p > 0.05). 
 
 

 Line 80 Line 90 

Variable Type Mean rs  Gradient rs Mean rs  Gradient rs 

Density 0.73 0.42 0.60 0.43 

Temperature -0.69 -0.31 -0.53 -0.33 

Salinity 0.45 0.28 0.42 0.22 

SFU 0.51 0.23 0.48 0.26 

Spice -0.48 -0.06 -0.30 -0.16 

Cross-track current (v) -0.09 -0.00* -0.11* 0.00* 

Along-track current (u) -0.26 0.00* 0.01* 0.01* 
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Table 3.2. Comparison of median MVBS gradients at hydrographic or biotic 
fronts versus non-fronts. 
 

 Line 80 Line 90 

Front Type 

Median 
MVBS 

gradients 
Differ? 

p-value Percentile 
Differential 

Median 
MVBS 

gradients 
Differ? 

p-value Percentile 
Differential 

Density Yes <0.001 38.1 Yes <0.001 41.8 

Temperature Yes <0.001 28.5 Yes <0.001 29.5 

Salinity Yes <0.001 38.1 Yes <0.001 32.5 

SFU Yes <0.001 30.7 Yes <0.001 28.4 

Spice Yes 0.040 16.7 No 0.030 7.4 

∂v/∂x No 0.188 4.2 No 0.517 7.6 

∂u/∂x No 0.107 1.0 Yes <0.001 11.8 
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Table 3.3. Comparison of median hydrographic or biotic gradients at MVBS 
fronts versus non-fronts. 
 
 

 Line 80 Line 90 

Variable 
Type 

Median 
gradients 
differ at 
MVBS 
fronts? 

p-value Percentile 
Differential 

Median 
gradients 
differ at 
MVBS 
fronts? 

p-
value 

Percentile 
Differential 

Density Yes <0.001 39.7 Yes <0.001 34.7 

Temperature Yes <0.001 36.9 Yes <0.001 29.9 

Salinity Yes <0.001 31.3 Yes <0.001 36.9 

SFU Yes <0.001 26.2 Yes <0.001 30.0 

Spice No 0.711 5.2 No 0.142 7.9 

∂v/∂x No 0.121 8.3 Yes 0.026 10.1 

∂u/∂x No 0.790 0.9 No 0.678 3.0 
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Figure 3.1. CCE-LTER Spray glider transect lines 80 and 90. 
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Figure 3.3. Glider sections along line 80 showing (A) density, (B) temperature, 
(C) salinity, D) spiciness, E) Chl-a (SFU), F) acoustic backscatter (MVBS), G) 
cross-track current velocity, and H) along-track current velocity. Each panel 
shows a vertical section of a variable (in color), overlain by the near-surface (0 – 
50 m) horizontal gradient of that variable (dark line).Tick marks at the top of 
panels A and E show the location of glider dives along the transect. Black and 
yellow bars at the top of each section plot indicate night and day periods, 
respectively. Dotted red lines in each gradient plot indicate the value of the 5th 
and 95th percentiles of the gradient calculated for the entire dataset. 
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Figure 3.4. Seasonal and cross-shore distribution of density fronts along (A) line 
80, and (B) line 90 Grey dots show the distribution of all dives from October 2006 
through November 2011. Colored dots show dives that were identified as density 
fronts. Color scale depicts the strength of the horizontal density gradient. 
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Figure 3.5. Incidence and gradient strength of density fronts along line 80 and 
line 90 by season and distance offshore. The upper and lower bounds of 
boxplots mark the 75th and 25th percentile values of the density gradients, 
respectively, the red line marks the median gradient value, and the p-value refers 
to significance of median difference. Red asterisks in bar charts indicate 
significantly increased or decreased front incidence (p<0.05, binomial test with 
Bonferroni correction).   
 
 



 

 

89 

 

 
 
 
Figure 3.6. Median distance offshore of density fronts along (A) Line 80 and (B) 
Line 90 during bi-monthly periods throughout the year. 
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Figure 3.7. Covariability of horizontal gradients in Acoustic Backscatter (MVBS) 
and seawater density for (A and B) line 80 and (C and D) line 90 at fronts and 
non-frontal regions. Grey points in the scatterplots indicate all dives and red 
points are dives identified as density fronts. For boxplots, the upper and lower 
bounds mark the 75th and 25th percentile values of the MVBS gradients, 
respectively, the red line marks the median gradient value, and the p-value refers 
to significance of median difference. 
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Figure 3.8. Covariability of horizontal gradients in Standard Fluorescence Units 
(SFU) and seawater density for (A and B) line 80 and (C and D) line 90 at fronts 
and non-frontal regions. Grey points in the scatterplots indicate all dives and red 
points are dives identified as density fronts. For boxplots, the upper and lower 
bounds mark the 75th and 25th percentile values of the SFU gradients, 
respectively, the red line marks the median gradient value, and the p-value refers 
to significance of median difference. 
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Figure 3.9. (A and C) Line 80 and (B and D) Line 90 MVBS Enhancement Index 
values in relation to fronts.  A and B compare the enhancement index at fronts 
vs. non-fronts in regions of positive density fronts (i.e., where inshore density > 
offshore density).  C and D compare the enhancement index in regions of 
negative density fronts (i.e., where offshore density < inshore density). Upper and 
lower bounds of each boxplot mark the 75th and 25th percentile values of the 
ABS gradients, respectively, red line marks the median gradient, and the p-value 
refers to significance of median difference. 
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Figure 3.10. (A and C) Line 80 and (B and D) Line 90 Chl-a Fluorescence 
enhancement index in relation to fronts.  A and B compare the enhancement 
index at fronts vs. non-fronts in regions of positive density fronts (i.e., where 
inshore density > offshore density).  C and D compare the enhancement index in 
regions of negative density fronts (i.e., where offshore density < inshore density). 
Upper and lower bounds of each boxplot mark the 75th and 25th percentile 
values of the ABS gradients, respectively, red line marks the median gradient, 
and the p-value refers to significance of median difference. 
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Figure 3.11. MVBS Enhancement Index at density fronts for A) line 80, and B) 
line 90. Red, blue and black dots indicate positive, negative and zero 
enhancement, respectively, at glider dives associated with density fronts. Grey 
dots indicate non-front dives. 
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Figure 3.12. Percent chance for a mobile predator of locating waters with 
higher mean acoustic backscatter (MVBS) by migrating up a local density 
gradient. Positive density gradients indicate that the waters inshore of the 
location are denser than offshore while negative density gradients are 
opposite. The grey curve is generated with Loess smoothing. 
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CHAPTER 4: 

Changes in zooplankton behavior and size distributions across glider-

detected fronts in the Southern California Current System 

 

Abstract 

We report cross-frontal changes in the characteristics of plankton proxy variables 

as observed by autonomous ocean gliders operating within the Southern 

California Current System (SCCS). Spray gliders were deployed nearly 

continuously between 2006 and 2011 along two transect lines within the SCCS, 

during which time they conducted 22,942 profiles and identified 154 ocean fronts. 

A comparison of conditions across all of the identified fronts showed that waters 

inshore of the fronts were consistently colder, saltier and denser than waters 

offshore of the fronts. The average Chl-a fluorescence decreased and the depths 

of maximum Chl-a fluorescence and the euphotic zone increased offshore of 

fronts. Average Mean Volume Backscatter (MVBS) from a 3-beam 750 kHz 

acoustic doppler profiler was lower offshore of fronts, on average. The amplitude 

of diel vertical migration (DVM) increased offshore and covaried with optical 

transparency of the water column. Average interbeam variability in acoustic 

backscatter also changed across fronts within 3 depth strata (0-150 m, 150-400 

m, and 400-500 m), revealing an intensification of vertical stratification of distinct 

scattering assemblages offshore of fronts. A Monte Carlo simulation was used to 

model the expected size spectra of faunal assemblages given glider 
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observations. Compared to offshore assemblages, inshore assemblages were 

best described with flatter size spectra, suggesting that larger-bodied 

zooplankters and micronekton contributed a greater portion to the overall 

biomass. Depth-stratified zooplankton samples collected by Mocness nets and 

analyzed digitally by ZooScan corroborated the pattern of increased zooplankton 

body sizes inshore of fronts. 

 

Introduction 

Ocean fronts can separate waters with very different temperature, salinity 

and nutrient profiles. Consequently, the floral and faunal assemblages on either 

side of a front can diverge. On one side of a front, for example, zooplankton may 

encounter relatively warm, clear and oligotrophic waters, while on the other, cold, 

turbid, and food-rich waters. Fronts, therefore, have long been thought to play an 

important role in spatially structuring biomass and species distributions (Lefevre, 

1986; Sournia, 1994). Much of the research into the ecology of fronts, however, 

has focused on fronts that are either relatively persistent in time and space, such 

as occur at large-scale ocean convergences (Polovina et al., 2001), or else recur 

predictably due to their association with continental shelf breaks (Munk et al., 

2003), tides (Pingree et al., 1975), nearshore upwelling (Smith et al., 1986), or 

estuarine mixing (Eggleston et al., 1998). Here we assess the roles of deep-

water (sub)mesoscale fronts in structuring marine assemblages and habitats in 

an eastern boundary current system.  
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Oceanic fronts, particularly within boundary current systems, are dynamic 

features formed by quasi-geostrophic turbulence at the mesoscale (Spall, 1995), 

and by ageostrophic secondary circulation at the submesoscale (Capet et al., 

2008). Such fronts span length scales of 1 to 500 km and persist from days to 

weeks. Mesoscale horizontal stirring can create a mosaic of potential habitats 

(Martin, 2003). Each of the many whorls and filaments visible in a satellite ocean 

color image may have experienced its own hydrographic evolution over a period 

of days to weeks, or longer, allowing the emergence of a dominant phytoplankton 

assemblage selected by the specific conditions of that water parcel (d’Ovidio et 

al., 2010). How zooplankton and nekton assemblages are affected by these 

shifting habitats is an open research area. 

The California Current System (CCS) is an eastern boundary current 

flowing along the west coast of North America from Vancouver to Baja California 

(Hickey, 1979). Within the CCS there are three major interacting currents which 

transport four distinct water masses: the equatorward California Current 

transports cold, low-salinity, high nutrient, subarctic water from the north, and 

forms the eastern boundary to the warm, high-salinity, low nutrient waters of the 

Central North Pacific gyre.  The Inshore Counter Current (ICC) transports water 

poleward in the nearshore region.  The subsurface (200-500 m), poleward 

California Undercurrent (CUC) transports relatively warm, high-salinity, high 

nutrient waters from more southern sources (Gay and Chereskin, 2009; 

Simpson, 1984; Todd et al., 2011). The CCS is also notable for its complex and 
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vigorous mesoscale flows, which are primarily forced by seasonal upwelling-

favorable winds along the coast (Marchesiello et al., 2003).  

The CCS is therefore a mosaic of different water masses, horizontally 

stirred by eddies and jets, brought in close proximity to each other, and 

separated by ocean fronts. Within each filament or water parcel can exist a 

distinct phytoplankton assemblage. Satellite studies have been particularly useful 

in revealing the correspondence between physical features and phytoplankton 

within the CCS. Autocorrelation and analysis of coherence spectra of satellite 

SST and ocean color imagery reveal that, over a time scale of weeks, 

phytoplankton are passive tracers of the flows in which they are embedded 

(Denman and Abbott, 1994).  

Ship-based studies of ocean fronts in the CCS have demonstrated that 

zooplankton biomass and abundance and can change rapidly at ocean fronts. 

For example, Mackas et al. (1991) found a 3-4 fold increase in zooplankton 

biomass across a cold-water filament extending offshore from Point Arena, 

California. These authors also documented a clear shift from a more doliolid-

dominated assemblage on the warm side of the filament to a crustacean-

dominated assemblage within the filament and extending to its cold side. In a 

study of the Ensenada Front within the southern CCS (SCCS), Haury et al. 

(1993) noted a 3-fold change in primary productivity and 3-4 fold change in 

zooplankton displacement volume over a distance of less than 15 km across the 

front. In a study of a different front (the A-front) in the same area, abundances of 

calanoid copepods were elevated within the front, and a herbivorous, particle-
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grazing zooplankton assemblage on the cool side of the front shifted to a more 

carnivorous-dominated assemblage on the warm side (Ohman et al., 2012).  

Fronts are also ecologically important because of their potential as regions 

of altered zooplankton reproduction and growth rates. Increased food availability 

at fronts due to convergent flows or local production can promote increased egg 

production and spawning. Smith and Lane (1991) found that Eucalanus 

californicus within the Point Arena cold filament were able to maintain increased 

egg production without drawing down their lipid reserves, due to the increased 

food availability within the filament. In the A-Front study, Ohman et al. (2012) 

also noted an increased abundance of copepod nauplii within the front, 

suggesting that secondary production was increased there. Balancing this 

potential for increased secondary production is the potential for increased 

predation rates. Fronts have long been known to attract highly-mobile 

planktivorous predators, including fish (Humston et al., 2000), seabirds (Ainley et 

al., 2009), baleen whales (Munger et al., 2009), as well as turtles (Polovina et al., 

2004). Increased abundances of carnivorous zooplankton such as 

narcomedusae can also be found at fronts (McClatchie et al., 2012). 

Many of the ecosystem changes observed across fronts are not due to the 

presence of the front per se, but because the waters on either side of the front 

provide contrasting environments where different assemblages come to 

dominate. Ship-based studies within the SCCS have identified cross-shore 

trends in phytoplankton and zooplankton assemblages in relation to cross-shore 

hydrographic trends. An analysis of recurrent assemblages of phytoplankton 
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within the SCCS found two major assemblages: an inshore group dominated by 

diatoms that varied strongly by season, and a less variable offshore group 

dominated by coccolithophorids and dinoflagellates (Venrick, 2009). Offshore 

assemblages were associated with the formation of a deep chlorophyll maximum 

(usually near the base of the euphotic zone and slightly above the nitracline). The 

transition from waters with low surface chlorophyll (i.e., an offshore-type 

assemblage) to high-surface chlorophyll often occurred abruptly across the 

inshore edge of the low-salinity core of the California Current (about 100-150 km 

offshore). 

Zooplankton within the SCCS also show some general cross-shore trends 

in zooplankton biomass. Ohman and Wilkinson (1989) found that the ash-free dry 

weight of zooplankton decreased offshore along cross-shore transects in the 

CalCOFI survey region. Other studies have found a long-term local maximum in 

zooplankton displacement volume located approximately 100 km offshore, that is 

maintained either due to advection of zooplankton-enriched waters from the north 

(Chelton et al., 1982), or possibly due to increased secondary production 

fostered by strong wind-stress curl driven upwelling offshore (Chelton, 1982; 

Rykaczewski and Checkley, 2008). Offshore of the local maxima, however, the 

long-term average of zooplankton displacement volumes decreases 

monotonically.  

Our understanding of the ecological changes across ocean fronts come 

mostly from limited duration ship-based studies of individual fronts, rather than an 

extended program of study spanning a variety of frontal conditions over a multi-
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year period. To effectively quantify the ecological changes observed across 

fronts within a region, it is necessary to sample a representative distribution of 

such features, not just anecdotal examples. The advent of autonomous ocean 

gliders has opened new opportunities for continuous in situ measurements 

across (sub)mesoscale features in the California Current System (Davis et al., 

2008). Within the SCCS, an analysis of data collected over a six-year period 

Powell (in review) using six years of observations from Spray ocean gliders 

concluded that horizontal gradients in physical properties (e.g., temperature, 

salinity and density) co-varied with horizontal gradients in Chl-a fluorescence and 

acoustic backscatter at 750 kHz. Frontal regions were more likely to be zones of 

elevated acoustic backscatter (inferred to be zooplankton) compared to non-

frontal regions. Powell (in review) also estimated that large mobile, planktivorous 

predators were likely to encounter more favorable foraging conditions up to 77% 

of the time when travelling up a density gradient. 

In the present analysis, we examine cross-frontal changes within the 

SCCS in the vertical distribution of phytoplankton Chl-a and the acoustic 

characteristics, body size, taxonomic composition and diel vertical migration 

behavior of faunal assemblages. We test three hypotheses related to glider-

detected fronts in the SCCS: 

Hypothesis 1: The depth of the chlorophyll maximum and the depth of the 

euphotic zone increase when crossing from the denser to less dense side of 

fronts. 
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Hypothesis 2: The amplitude of Diel Vertical Migration behavior increases 

when crossing from the denser to less dense side of fronts. 

Hypothesis 3: The size structure of zooplankton and micronekton 

assemblages changes across fronts.  

 

Methods 

Study area and duration 

Spray ocean gliders were deployed nearly continuously along lines 80 and 

90 of the California Current Ecosystem Long-Term Ecological Research (CCE-

LTER) and CalCOFI sampling area (Fig. 4.1) between October 2006 and July 

2011 (and continue to operate to present). The gliders traveled along the two 

lines from about 20 km off the coast to a maximum 370 km (line 80) and 585 km 

(line 90) offshore. A total of 124 transects were completed during the study 

period comprising 22,942 vertical profiles. 

 

Spray glider and instrument payload 

The Spray glider (Sherman et al., 2001) is an autonomous underwater 

vehicle capable of conducting profiles to 1000 m depth for up to 4 months at a 

time. The Spray glider profiles in a sawtooth pattern, travelling through the water 

at an angle of 17° from the horizontal and at an average speed of 25 cm s-1. For 

this study, gliders descended to a maximum depth of 500 m, or to within 

approximately 5 m from the bottom in shallower waters. Upon completion of each 

profile, the glider surfaces, establishes a GPS fix, and uploads data via the 
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Iridium satellite system. The glider follows a pre-programmed mission along a 

transect until it receives instructions to change operations. In waters deeper than 

500 m, the glider completes a profile cycle every 3 hours, on average, with an 

average spacing between profiles of 3 km.  

The Spray’s instrument payload during this study included a pumped 

Seabird 41CP Conductivity-Temperature-Depth (CTD) sensor, a Sontek 750-

kHz, 3-beam Acoustic Doppler Profiler (ADP), and a mini-Seapoint chlorophyll a 

fluorometer (mini-SCF). The fluorometers used in this study had a central 

excitation peak of 470 nm and measured fluorescence at an emission peak of 

685 nm. Seawater is pumped through the CTD and the fluorometer to maintain a 

constant flow rate past the sensors. A biocide inhibits Biofouling when the pump 

is not operating. Sensors are powered and data recorded only during ascent.   

Fluorometers were calibrated before and after each glider deployment 

using a standard set of dilutions of pure chlorophyll a (Sigma Life Sciences) 

dissolved in 90% acetone. Each Chl-a standard was placed within a machined 

cuvette-holder that held the standard solution in a 13-mm diameter borosilicate 

cuvette at a fixed distance from the optical surfaces of the fluorometer. For each 

calibration, a slope (µg Chl-a L-1 V-1) was determined from a regression of 

recorded voltage with dissolved Chl-a concentrations. Regular calibration 

permitted sensor drift and biofouling to be tested, enabled inter-comparison of 

data from the same sensor during different deployments, and also comparability 

of data recorded by different sensors. Biofouling was never detected, and sensor 

drift was negligible and corrected for by our calibration procedure. We report the 
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observed fluorometer response in standardized Chl-a fluorescence units (SFU), 

where one SFU is defined as the measured fluorescence signal (in volts) from 10 

µg L-1 of Chl-a dissolved in 90% acetone at a fixed path length (SFUs were 

previously reported as Dissolved Chlorophyll Fluorescence Equivalents (DCFE) 

in Davis et al., 2008). In vivo fluorescence data were converted into SFU by 

multiplying the recorded voltages by the mean slope value determined from pre- 

and post-deployment calibrations. For the fluorometers used in this study, one 

SFU corresponds very approximately to 2 µg Chl-a L-1.   

The Sontek ADP mounted on Spray points directly down during glider 

ascent, so that each of the three beams has a slant angle of 25° from vertical. 

Each beam has a 3 dB beam-width of 2°. Both current velocity and acoustic 

backscatter (ABS) data from the ADP are recorded upon ascent in five 4-m 

vertical range bins so that vertical resolution of the completed profile is 4 m. The 

acoustic backscatter measured by the ADP is reported in acoustic counts, which 

is the digitized output from a log-linear amplifier. Regular calibration of each ADP 

instrument before and after each glider mission using a standard tungsten-

carbide target suspended in a test pool revealed an average difference in ABS 

recorded by an individual ADP across multiple deployments of 2.5 dB, and an 

average difference between different ADP instruments of 3 dB.  

ABS recorded during glider deployments is converted into Volume 

Backscatter, Sv, using the sonar equation Sv = RL – SL + 2TL – 10 Log10 V, 

where Receiver Level (RL) is the recorded ABS in dB, Source Level (SL) in 

decibels is empirically determined during instrument calibration, Transmission 
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Loss (TL) is equivalent to 20 Log10 R + αR, where R is the range in meters to the 

midpoint of the bin and α is the sound attenuation coefficient (dB m-1), and V is 

the volume in cubic meters. Volume backscatter measurements are averaged to 

yield Mean Volume Backscatter (MVBS). 

Previous work comparing ABS recorded by the Sontek ADP with collected 

net samples established that recorded ABS is proportional to the log of 

zooplankton biomass in the vicinity of the ADP (Powell and Ohman, 2012). 

ZooScan image analysis of zooplankton in net samples showed ABS was most 

closely related to zooplankton with an equivalent circular diameter ≥ 1.6 mm, 

approximately the acoustic wavelength emitted by the transducer. In Powell and 

Ohman (2012), the method used to calculate relative MVBS relied on a different 

formulation of the sonar equation (SonTek, 1997). The standard sonar equation 

presented here (Medwin and Clay, 1998) includes a 10 Log10 V term rather than 

a 10 Log10 PL term (where PL is the acoustic pulse length), which permitted 

comparison of backscatter from different range cells. Applying this method to the 

data from Powell and Ohman (2012) did not alter any of the results or 

conclusions of that paper.  

 

Glider data processing 

 Data from each glider deployment were checked for quality and imported 

into MATLAB for subsequent processing. Bad data, as determined by quality 

control processing scripts or visual inspection, were excluded from further 

analysis. The data from all glider deployments were then harvested into a master 
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MATLAB dataset and grouped by transect. Only data from complete transects, 

where the glider completed 90% or more of its intended trackline, were included 

in the analysis. Variables included in this study include temperature, salinity, 

potential density, Chl-a fluorescence (as SFU), salinity on potential isopycnals, 

which has the same information as spice (Flament, 2002), and MVBS measured 

within each of the three acoustic beams. For each profile within a given transect, 

all data were vertically averaged into 5-m bins.  

 

Front definition and canonical front construction 

Directly comparing glider data from one profile to the next is difficult due to 

diel periodicity in biological signals (in both MVBS and in vivo fluorescence data), 

and by the influence of internal tides and inertial motions (in the case of 

hydrographic variables). Comparing MVBS data, in particular, is complicated by 

diel vertical migrations (DVM) by zooplankton (Ohman et al., 1998) and 

micronekton (Pearcy et al., 1977). Also, measured fluorescence in surface 

waters is strongly affected by the daytime decrease in Chl-a fluorescence due to 

non-photochemical quenching, and to daytime photo-protective strategies 

employed by phytoplankton (Cullen and Lewis, 1995). For these reasons, both 

physical and biological data were smoothed prior to use by averaging 

observations within a 24-hour period. Gradients are defined as the difference 

between averages of properties from the 24 h periods before and after the glider 

reached a location. By definition here, a gradient is the offshore average minus 

the inshore average. 
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Fronts within any particular transect were identified algorithmically. Dives 

with horizontal density gradient values greater than the 95th percentile (of all line 

80 or line 90 values within the dataset) or less than the 5th percentile (of all line 

80 or line 90 values within the dataset) are flagged as potential “positive” or 

“negative” density fronts, respectively. When more than one contiguous dive is 

flagged as a potential front, the dive with the maximum (minimum) gradient value 

within the contiguous run of dives is denoted as a positive (negative) density 

front. Only positive density fronts (i.e., those where surface density is higher on 

the inshore side of the front) are considered in this analysis. 

Averaged, or ‘canonical’ front sections were created by first aligning all 

glider sections containing individual fronts relative to the front location (x=0). 

Then all data located inshore and offshore of those frontal locations were binned 

by distance from the front in 10-km increments. Vertical binning remained at 5 m. 

The average value of data within each bin was then computed to produce 

canonical sections of hydrographic and biological variables. 

 

Interbeam differencing and smoothing algorithms 

The Spray ADP has three acoustic beams. Starting with raw, unbinned 

volume backscatter (Sv) data, the maximum interbeam difference in volume 

backscatter (maxDSV) is defined as the maximum difference in recorded Sv 

between any two of the beams within ADP range cell 3 (16-20 m). The maxDSV 

from cell 3 for each profile was then binned into 5-m vertical bins and averaged. 

A smoothed binned maxDSV section was generated by filtering the binned raw 
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maxDSV data using a two-pass Gaussian filter with a kernel window five rows by 

N columns, where N equals the number of dives occurring within a 24 h window 

centered on the dive of interest.  

 

Mocness sample processing and ZooScan analysis  

Vertically stratified net samples of zooplankton were collected by Mocness 

(Wiebe et al., 1985) tows during the P0605, P0704 and P0810 process cruises of 

the CCE-LTER program (http://cce.lternet.edu/data/cruises/). For each cruise, 

Mocness tows were categorized by their location with respect to the major frontal 

feature along line 80 (identified contemporaneously either by Spray glider (P0704 

and P0810) or by ship-based Moving Vessel Profiler (P0605)). Tows were 

categorized as either inshore or offshore of the front (Fig. 4.1). 

For each Mocness tow, nine nets were opened sequentially to collect 

zooplankton in 50-m vertical strata from 450 m to the surface. All plankton net 

samples were preserved in 1.8% formaldehyde buffered with sodium tetraborate.  

The plankton within each net sample were then processed ashore using 

ZooScan (Gorsky et al., 2010). Prior to digital imaging, the sample was first 

passed sequentially through 1000-µm and 202-µm mesh filters. The zooplankton 

retained on each filter were then resuspended in a measured volume of filtered 

seawater, and aliquots were removed from each of the size-fractionated samples 

for ZooScan imaging. Resuspension volumes and aliquot volumes were chosen 

so that an average of approximately 1500-2000 animals from the 202-µm size 

fraction and 400-700 animals from 1000-µm size fraction were imaged per scan. 
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Two scans of each size fraction were performed. Because large-bodied 

zooplankters were thought to be underrepresented in the above scans, a 

secondary set of scans of a 5000-µm mesh-filtered fraction was subsequently 

performed. All animals retained on the 5000-µm mesh were imaged. To avoid 

double counting the larger zooplankters that might have been imaged in the 

original set of scans, a sample-specific zooplankter size threshold was identified 

using the zooplankters’ Equivalent Spherical Diameters (ESD) as measured by 

the ZooProcess software. The size threshold was defined as the ESD value 

where the numerical abundance of zooplankters measured in the original scans 

dipped below the numerical abundance of zooplankters measured in the 

secondary scans. All data from zooplankters above this size limit present in the 

original scans were discarded, and the remaining data from the original and 

secondary scans were merged.  

Each zooplankter within the merged dataset is associated with a suite of 

feature measurements (e.g., ESD, area, ferret length, etc.) as measured by the 

ZooProcess software (see Gorsky et al., 2010). The images containing individual 

zooplankters, also termed Regions of Interest (ROI), were then categorized into 

one of 20 zooplankton taxonomic categories using the Random Forest algorithm. 

All machine-classified images were checked manually and the classifications 

corrected as necessary. For presentation, categories were aggregated here into: 

calanoid copepods excluding eucalanids, euphausiids, chaetognaths, eucalanid 

copepods (which were an optically distinctive group), and all other taxa 

combined. Two specific feature measurements (feret diameter and area 
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excluded) were used to calculate carbon biomass of each imaged zooplankter, 

using taxon-specific relationships (Lavaniegos and Ohman, 2007). Finally, 

sample-specific C biomass concentrations and abundances for the different 

taxonomic categories were calculated using sampling depth, volume filtered by 

the net, and fraction of sample scanned.   

 

Estimating depth of Chl-a max and the euphotic zone. 

The depth of the Chl-a fluorescence maximum along the length of a 

transect was estimated using nighttime glider profiles. Daytime profiles were not 

used for this purpose due to daytime quenching of fluorescence near the sea 

surface. Daytime depths of the Chl-a fluorescence maximum were estimated by 

fitting a cubic spline to the flanking nighttime data. 

Euphotic zone depths were estimated by finding the depth at which the 

interpolated light level was 1% of the surface. The percent light level at the 

bottom of each depth bin was determined iteratively, where light level, Ik+1, at bin 

k+1 was calculated as: 

𝐼𝑘+1 =  𝐼𝑘 × 𝑒−𝐾𝑍𝑤     [1] 

where Ik is the light level at the bottom of the depth bin immediately above bin 

k+1, Zw is the thickness of the depth bin (5 m), K is the diffuse attenuation 

coefficient for type I oceanic waters (Morel, 1988), defined as K=0.121 X C0.428, 

and C is the mean chlorophyll concentration (mg m-3) of the bin k+1 and is equal 

to C= SFU*2.  
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DVM calculations 

For each glider dive, the depth of the layer of maximum acoustic 

backscatter was estimated by calculating the median depth of bins containing 

MVBS values above the 85th percentile for that dive. The amplitude of DVM for a 

given dive was then calculated by subtracting the median daytime scattering 

layer depth from the median nighttime scattering layer depth within a window 

including all dives plus or minus 12 hr from the given dive. The gradient in DVM 

amplitude at a given dive location was the mean DVM amplitude occurring in a 

24-hr window inshore of the dive minus the mean DVM amplitude in a 24-hr 

window offshore of the dive. 

 

Acoustic modeling and Monte Carlo simulations 

Single-beam, single-frequency echosounders are often considered to be 

of limited utility when characterizing a population of acoustic scatterers (Lavery et 

al., 2007). However, with enough data, the variability of acoustic backscatter can 

be used to model potential size distributions within target assemblages. We 

model the most likely size spectra of zooplankton assemblages within an area 

given a large number of glider observations. First, the expected mean volume 

backscatter (MVBS) and expected maximum interbeam difference in volume 

backscatter (maxDSV) were estimated for simulated zooplankton assemblages 

using a Monte Carlo approach for a range of possible zooplankton size spectra. 

For each given zooplankton size spectrum, n (where n=ad-b, d is the 

zooplankter’s ESD in cm, and the intercept, a, and slope, b, are specified 
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parameters), 1000 simulated sampling volumes containing synthetic 

assemblages of zooplankton were created by assigning a numerical density of 

zooplankters within each of 1000 logarithmically-spaced size bins ranging from 

0.01 cm to 10 cm ESD. For each simulated sampling volume, numerical density 

of zooplankters within each size bin was generated by sampling from a Poisson 

distribution (where the lambda parameter is the expected numerical density of 

zooplankton for a given size spectrum). The expected volume backscatter, Sv, of 

the simulated assemblage was then calculated by summing the acoustic 

backscatter (conventionally identified as lower case “sv”) of each individual 

zooplankter within the sampling volume: Sv = 10 log Σsv (Medwin and Clay, 

1998). Acoustic backscatter, sv, from individual zooplankters was estimated 

using a bent cylinder acoustic model (Greene et al., 1998) where the length 

parameter, L, was calculated for the zooplankter given the ESD and an aspect 

ratio of 3:1. The average expected MVBS and expected maxDSV for 

assemblages created from a given size spectrum were then calculated by 

averaging across all 1000 simulated sampling volumes the simulated MVBS 

values and the absolute value of differences between simulated values, 

respectively. Expected MVBS and expected maxDSV across a range of size 

spectrums were thus estimated by varying the slope and intercept values of the 

size spectrum. 

General functions relating MVBS [eq. 1] and maxDSV [eq. 2] to spectral 

slope and intercept values were then generated by fitting a surface to the output 

data from the Monte Carlo simulations. 
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𝑀𝑉𝐵𝑆 = 10.19 𝑎 − 4.911 𝑏 − 27.4             [1] 

𝑚𝑎𝑥𝐷𝑆𝑉 =  −0.556𝑎 − 1.875𝑏 + 0.159𝑎2 − 0.578𝑎𝑏 − 3.304   [2] 

 

Inverse modeling of zooplankton size spectra 

The expected intercept [eq. 3] and expected slope [eq. 4] were solved 

using a system of equations with [eq. 1] and [eq. 2]: 

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = �𝑀𝑉𝐵𝑆
10.19

� + 0.78𝐷𝑆𝑉 + 1.08     [3] 

𝑠𝑙𝑜𝑝𝑒 = 𝐷𝑆𝑉+3.304+0.556𝛼−0.159𝛼2

−0.578𝛼−1.875
     [4] 

where, α = (MVBS/10.19) - 2.855       

 

Results 

Zooplankton habitat changes across fronts  

When transiting any particular front along both glider lines 80 and 90, 

surface waters (0-50 m) are consistently colder and saltier inshore of fronts 

compared with offshore (Fig. 4.2). The hydrographic conditions of fronts and their 

flanking regions vary on a case by case basis. Fronts occurring during summer 

and fall, for instance, often occur in warmer waters than those of spring and 

summer. Thus, waters inshore of a front in summer can be warmer than offshore 

waters during the winter. Nonetheless, when all fronts are averaged together to 

create a canonical front, the density and salinity structures in regions flanking a 

front are markedly different in the upper 100 m (Fig. 4.3).  
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Cross-frontal changes in acoustic backscatter (MVBS) and Chl-a 

fluorescence (Fig 4.4) are more variable than those for density or salinity. In 

some cases, MVBS or fluorescence increases offshore of fronts. However, on 

average, MVBS and Chl-a fluorescence are lower offshore of fronts. Both MVBS 

and fluorescence are lower offshore of the reconstructed canonical front (Fig. 

4.5). Inshore of the line 80 and line 90 canonical fronts, MVBS is not only greater 

overall, but the mean vertical gradient in MVBS from the surface to 100 m is 

increased as well. Similarly, there are changes in mean Chl-a fluorescence and 

in vertical distributions of Chl-a fluorescence across the line 80 and line 90 

canonical fronts. Offshore regions for both lines 80 and 90 exhibit a subsurface 

maximum in Chl-a, whereas inshore of canonical fronts only line 90 shows a 

consistent subsurface maximum.  

 

Chl-a fluorescence maximum and the euphotic zone depth 

The depth of the Chl-a fluorescence maximum generally increases with 

distance offshore, although the depth of Chl-a fluorescence maximum can 

increase and decrease multiple times along a given transect (e.g., Fig. 4.6). 

However, the trend when crossing density fronts is clear:  on average, the depth 

of the Chl-a maximum increases when moving offshore across fronts (line 80: 

p<0.001; line 90: p<0.001; Fig. 4.7a,b), and the change in depth is greater at 

fronts compared with non-fronts (line 80: p<0.001; line 90: p<0.001; Fig. 4.7c,d). 

The median cross-front change in depth for line 80 and line 90 is 9.2 m and 7.9 

m, respectively. The modeled depth of the euphotic zone (i.e., the depth at which 
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modeled light levels are 1% those of the surface) is correlated with the depth of 

maximum Chl-a fluorescence (r2=0.61; Fig 4.8), suggesting that, on average, 

water clarity is greater offshore of fronts compared to inshore.  

 

DVM amplitude changes across fronts  

The amplitude of diel vertical migration (DVM), i.e., the difference in depth 

between daytime and nighttime layers of maximum acoustic backscatter, is often 

greater offshore of fronts compared to inshore (Fig. 4.9). The change in DVM 

amplitude (Fig. 4.10) is significantly greater across fronts compared to non-fronts 

for both line 80 (p=0.030) and line 90 (p=0.001). In some cases, migrating 

animals located offshore of a front descend 200-300 m deeper during the day 

compared with animals located immediately inshore of a front. Across the entire 

dataset, DVM amplitude is non-linearly related to the modeled depth of the 

euphotic zone (Fig. 4.11). When the euphotic zone is shallower than 50 m, the 

median DVM amplitude is less than 25 m. However, when euphotic zone depths 

are deeper than 50 m, the median DVM increases greatly to over 200 m in some 

cases. 

 

Horizontal gradients in maxDSV   

Changes in interbeam differences in acoustic backscatter (i.e., maxDSV) 

at fronts were analyzed to gain insight into front-associated changes in the 

scattering characteristics of faunal assemblages. Fronts were sometimes 

associated with altered horizontal gradients in maxDSV, but only within specific 
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depth strata (Fig. 4.12b). Along line 80, the magnitude of horizontal gradients in 

maxDSV were significantly greater at fronts compared to non-fronts in the 400-

500 m depth stratum (p<0.001; Fig. 4.13c), suggesting that maxDSV increases 

when moving offshore across fronts within this layer. There were no significant 

cross-frontal differences observed in the 0-150 m or 150-400 m depth strata 

along line 80 (p>0.05; Fig. 4.13a,b). In contrast, along line 90, the magnitude of 

horizontal gradients in maxDSV was significantly greater at fronts compared to 

non-fronts in the 0-150 m and the 150-400 m depth strata (p=0.033 and 0.035, 

respectively; Fig. 4.13d,e), but not within the 400-500 m stratum (p>0.05; Fig. 

4.13f). 

 

Cross-frontal water column scattering characteristics 

Both MVBS and maxDSV are a function of the scattering characteristics of 

the resident assemblage. Offshore of fronts, there were strata within the water 

column with similar MVBS values (suggesting potentially similar biomass 

concentrations) but with dissimilar maxDSV values. For example, although 

MVBS is similarly low between 100-200 m and 400-500 m strata in Figure 4.12a, 

these layers comprise very different scattering populations, as shown by the 

maxDSV values in Figure 4.12b. For waters located within a 24-hr window 

offshore of fronts, the observed MVBS of these two depth strata overlap 

considerably, while the observed maxDSV values are more separated for both 

lines 80 and 90 (Fig. 4.14). Offshore of fronts, the maxDSV values of 400-500 m 

strata are significantly greater than those of the 100-200 m strata for line 80 and 
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line 90 (Mann-Whitney U: p<0.001), with a median maxDSV difference between 

the two strata of 1.29 dB and 1.40 dB for lines 80 and 90, respectively. Inshore, 

the maxDSV values of the 400-500 m strata are still significantly greater than 

those of the 100-200 m strata (Mann-Whitney U: p<0.001). The median maxDSV 

differences between the two strata are 1.03 dB and 1.29 dB for lines 80 and 90, 

respectively. 

 

Modeled changes in zooplankton size structure  

Glider-observed scattering characteristics (i.e., MVBS and maxDSV) 

change significantly across fronts for both the daytime and nighttime layers of 

maximum acoustic backscatter. For both line 80 and line 90, waters inshore of 

fronts exhibited higher average MVBS and lower average maxDSV for both 

daytime and nighttime scattering layers (Table 4.1).  

To examine this relationship further, we conducted a Monte Carlo 

simulation of expected MVBS and maxDSV (Figs. 4.15a and 4.15b, respectively) 

given a range of zooplankton size spectra, n=adb, where a is the spectral 

intercept, b is the spectral slope, and d is the ESD in centimeters of a given 

zooplankter. The Monte Carlo results reproduced expected trends in MVBS and 

maxDSV given changing spectral parameters. For example, MVBS increases 

with increasing spectral intercept values (Fig. 4.15a), and slightly decreases with 

less negative slope values (due to the increasing likelihood that a significant 

portion of biomass contained in large but rare zooplankters will be located 

outside the sampling volume). Model results also reproduce expected trends in 
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maxDSV, where maxDSV increases with less negative slope values (Fig. 4.15b) 

due to greater stochasticity of occurrence of large zooplankters within the 

sampling volume, and decreases with increasing intercept values (because with 

greater overall MVBS, the interbeam difference in acoustic backscatter is likely to 

be proportionally smaller). Using these model output data, we generated inverse 

functions (from equations 4.1, 4.2) that calculated expected spectral slope and 

intercept values given the glider-observed MVBS and maxDSV data (Fig. 4.15c 

and 4.15d, respectively). 

The expected spectral slopes and spectral intercepts are different inshore 

and offshore of fronts for daytime and nighttime scattering layers. During both 

day and night, the expected spectral slopes and intercepts are greater inshore of 

fronts compared to offshore of fronts (Fig 4.16). Therefore, it is expected also 

that zooplankton size distributions differ across our California Current fronts, with 

larger-bodied zooplankton contributing more biomass proportionally in inshore 

assemblages compared with offshore assemblages. 

Even larger changes in scattering characteristics were seen in the vertical 

dimension. We modeled zooplankton size spectra for 100-200 m and 400-500 m 

layers using MVBS and maxDSV data. The estimated slopes of the 400-500 m 

layer were less negative than those of the 100-200 m layer (Fig. 4.17), 

suggesting that larger-bodied scatterers in the deeper layer comprised a greater 

portion of the biomass than in the shallow layer. The modeled size spectra for the 

100-200 m and 400-500 m layers (Fig. 4.18) reveal that these two layers differed 

from daytime and nighttime scattering layers on either side of the front. 
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Net samples: zooplankton assemblages and DVM 

To corroborate acoustically inferred cross-frontal changes in DVM 

behavior and zooplankton assemblages, we examined plankton net samples 

collected inshore and offshore of major frontal features. The weighted mean 

depths (WMD) of zooplankton carbon biomass in daytime offshore Mocness tows 

were deeper than those of daytime inshore tows (Fig. 4.19; median WMDs were 

278 m and 227 m for offshore (N=13) and inshore (N=10), respectively; 

P<0.001). Nighttime WMDs did not differ significantly between inshore and 

offshore samples (median WMDs were 86 m and 113 m for offshore (N=6) and 

inshore (N=10), respectively; Mann-Whitney U: P>0.05). The median of offshore 

DVM amplitudes (i.e., all possible pairwise differences between daytime and 

nighttime WMDs) was greater than the median of inshore DVM amplitudes (182 

m versus 98 m for offshore and inshore, respectively; Mann-Whitney U: 

P<0.001).  

The taxonomic composition of zooplankton assemblages also differed 

between inshore and offshore samples (Figs. 4.20, 4.21). Here we emphasize 

the nighttime abundances because they are less susceptible to bias due to net 

avoidances than the daytime abundances. In nighttime zooplankton samples, 

calanoid copepods (excluding eucalanids) contributed the most biomass on a 

percentage basis (with median 48.7% and 71.0% for inshore and offshore 

samples, respectively). However, when considering only zooplankters with an 

ESD greater than 1.6 mm (i.e., those likely to contribute more to observed 
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acoustic backscatter at 750 kHz), calanoid copepods remained the dominant 

taxonomic group offshore (median = 75% of biomass), but they contributed 

significantly less (P=0.031; Mann-Whitney U) biomass inshore (median = 21.3%) 

compared with the dominant inshore taxonomic group, euphausiids (median = 

36.5%).  

The size distribution of zooplankton also differed inshore compared with 

offshore (Figs 4.22, 4.23). Specifically, inshore, zooplankters with ESDs greater 

than 3.8 mm contributed a greater percentage of biomass compared with 

offshore zooplankters (25.8% versus 5.8%, respectively). Inshore, zooplankters 

with ESDs greater than 8.5 mm contributed a greater percentage of biomass 

compared with offshore zooplankters (9.5% versus 2.7%, respectively). The 

percentage of biomass contributed by each size class varied substantially from 

sample to sample (Fig. 4. 23). However, when all net samples were considered, 

the percent of biomass found inshore in the two largest size classes was 

significantly greater than that of biomass found offshore in those same size 

classes (P<0.001 for both cases; Mann-Whitney U test). 

 

Discussion 

Six years of autonomous glider measurements along lines 80 and 90 

reveal that there are consistent ecological changes that occur across frontal 

boundaries in the Southern California Current System (SCCS). Our analysis 

supported three hypotheses: 1) The depths of the Chl-a fluorescence maximum 

and the euphotic zone were consistently deeper offshore of fronts compared to 
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onshore of fronts, and horizontal gradients in these two properties were greater 

across fronts than across non-frontal regions; 2) DVM amplitude increased on 

the lighter (offshore) side of fronts; and, 3) the size structure of zooplankton 

assemblages changed across fronts. 

The depth of subsurface chlorophyll maxima in the SCCS is determined 

by available light and nutrient levels (Cullen and Eppley, 1981; Aksnes et al., 

2007). Most likely, the observed deeper fluorescence maxima and euphotic 

zones offshore of fronts reflect changing nutrient levels. By definition, the fronts 

described in this study are areas with shoaling isopycnals, and therefore are 

areas that might bring deep nutrients closer to the surface on the inshore side of 

fronts.   

Floristically, Hayward and Venrick (1998) found that the inshore edge of 

the low-salinity core of the CC often marked a sharp boundary between an 

offshore and inshore phytoplankton community.  The offshore community is 

dominated by dinoflagellates and coccolithophorids while the inshore community 

is diatom-dominated (Venrick, 2002, 2009). Venrick also found that standing 

stocks in inshore communities were much more variable than offshore 

communities. Inshore community standing stocks were also seasonal, with a 

springtime maximum, while the offshore community showed little seasonality. 

Shoaling nitraclines, as would be found at the inshore edge of the California 

Current jet, have been shown to be positively correlated with increasing biomass 

of large (>8 µm) phytoplankton (Mullin, 1998).  
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The increase in Diel Vertical Migration (DVM) amplitude seen offshore of 

fronts is probably associated with changing phytoplankton biomass and 

associated optical changes. Many studies have shown that DVM is primarily an 

adaptive response to predation pressure (Lampert, 1989; Ohman, 1990; De 

Robertis et al., 2000). Consequently, animal responses are strongly affected by 

ambient light levels and associated risk due to sight-hunting predators. For 

example, animals will begin their surfaceward migration midday in response to a 

solar eclipse (Backus et al., 1965).  In the present study, prey items are more 

likely to be vulnerable during the day to visually-hunting predators offshore of 

fronts where euphotic depths are deeper and waters clearer. However, we also 

found that the relationship between DVM amplitude and modeled water clarity is 

non-linear. Glider-observed DVM amplitudes did not increase appreciably until 

the estimated depth of the euphotic zone surpassed 40-50 m. This result 

suggests that there may be a threshold light level for the response or that factors 

in addition to ambient light levels are influencing DVM behavior.   

Our evidence also suggests that the observed cross-frontal changes in 

DVM amplitude may be attributable to differing zooplankton and micronekton 

species assemblages, and not merely to behavioral changes of the same 

organisms across these fronts. While it is not possible to identify assemblage 

composition by acoustic backscatter alone, several lines of evidence support the 

hypothesis that the composition of the acoustic scattering assemblage changed 

across these fronts. Cross-frontal changes in the maximum interbeam difference 

in acoustic backscatter (maxDSV) within specific depth strata suggest that either 
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the fine-scale aggregation of the assemblage of scattering animals changes 

across fronts, or that the size distribution of the animals changes. We also found 

that the mean volume backscatter (MVBS) decreased and maxDSV increased 

offshore of fronts for both the daytime and nighttime layers of maximum 

backscatter, which suggests a shift in the size spectrum of scattering animals. 

The size spectrum results from our inverse model (Fig. 4.16) suggest two 

important changes in the scattering assemblage of the day and night layers 

across fronts. First, the integrated areas under the modeled size spectra are 

higher inshore compared to offshore for both the day and night scattering layers, 

indicating that biomass is generally higher inshore of our fronts. Second, the less 

negative spectral slopes (i.e., flatter slopes) of inshore assemblages compared 

with offshore assemblages indicates that, within inshore assemblages, larger-

bodied animals contribute proportionally more biomass to the total biomass 

compared to the proportion of larger-bodied zooplankton within offshore 

assemblages.  

Results from Mocness net tows, although sampled at different times and 

locations from the gliders (though within the same general region), support these 

interpretations. Integrated zooplankton biomass in the net samples was larger 

inshore than offshore, and larger-bodied zooplankters within the inshore 

assemblage, especially within the two largest size classes (greater than 3.8 mm, 

and greater than 8.5 mm), contributed more to the total biomass compared to the 

offshore assemblage. Furthermore, the composition of assemblages of higher 

taxonomic groups shifted from a more copepod-dominated assemblage offshore 
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to a more euphausiid-dominated assemblage inshore. The modeled size spectra 

of animal scatterers in the deepest strata (400-500 m) offshore of the fronts 

studied here appears to be an exception to the trend of more negative (steeper) 

spectral slopes and decreasing intercepts when moving offshore. A coherent, 

apparently non-migratory layer characterized by less negative spectral slopes at 

400-500 m underlies the daytime migratory, high-backscatter layer at 250-350 m. 

Comparing the scattering characteristics of the migratory layer with the non-

migratory layer, it seems likely that the shallower, migratory layer is composed of 

more numerous, but smaller-bodied scatterers that are more evenly distributed at 

the fine scale. In contrast, the deeper, non-migratory layer is composed of fewer, 

but larger scatterers which, due to their low abundance, are more variably 

sampled by the acoustic beams of the ADP. 

Although it is possible that the deep layer of large scatterers might be 

zooplankton taxa such as pteropods known to scatter sound much more 

efficiently than other zooplankters of equivalent biomass and dimensions 

(Stanton et al., 1998), the pervasiveness of the deep layer over many glider 

deployments implies a taxonomic group less subject to the intermittent 

occurrences which typify pteropods. Mesopelagic micronekton (primarily 

myctophids and the gonostomatids Cyclothone spp.) are a likely candidate group 

to comprise the layer. Mesopelagic micronekton are abundant in the deep sea 

(Pearcy et al., 1977), and many non-migratory species remain at depths between 

400 to 1000 m during the night and day in this region (Davison, 2011). Even 

amongst some of the more abundant migratory species (e.g., Stenobrachius 



126 

 
 

leucopsarus), a significant fraction does not participate daily in DVM (Pearcy et 

al., 1977). Mesopelagic fish are also likely to be strong acoustic scatterers since 

many species either contain swimbladders throughout their lives, or at least 

during their juvenile forms (Davison, 2011). Other studies have also found that 

deep layers of non-migratory fish underlie daytime layers of migratory 

zooplankton in the Mediterranean (Andersen et al., 2004). While mesopelagic 

fishes may occasionally contribute to the somewhat shallower, migratory layer 

measured acoustically as well, the relatively small acoustic volume ensonified by 

the glider ADP, the consistency of occurrence of the mid-water layer, and the 

agreement of the patterns from our Mocness zooplankton analyses with acoustic 

backscatter results (both the present study and those in Powell and Ohman 

2012), suggest that these midwater migrators are principally mesozooplankton 

scatterers. 

The cross-frontal changes in size spectra that we observed are in contrast 

with some zooplankton biomass spectrum theory that holds that oligotrophic 

waters should exhibit less negative (flatter) spectral slopes due to greater 

biomass recycling and increased average trophic levels (TL) of the animal 

assemblages (Zhou, 2006). Although our results are reported as number spectra, 

while many others report results as biomass spectra (Platt and Denman, 1977; 

Zhou and Huntley, 1997), the trends in each case should be analogous: total 

biomass is proportional to the area under the curve, and the slope of the curve 

determines how the biomass is distributed amongst different size classes. Zhou 

(2006) found less negative slopes (i.e., flatter curves) in oligotrophic waters 
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compared with more negative slopes (i.e., steeper curves) in more eutrophic 

waters, by measuring particle size distributions at a range of locations with an 

optical plankton counter (OPC). This pattern held when comparing offshore CC 

waters with inshore waters, in contrast to what we observed in our modeled 

spectra. However, Zhou’s estimates for spectral slope within the inshore waters 

of the CC excluded OPC counts from a larger size range which he termed a 

“euphausiid anomaly.” When specific size ranges are not excluded, other OPC-

based studies have found that slopes are flatter inshore of fronts (Baird et al., 

2008; Basedow et al., 2010). Another reason why OPC-based studies may find 

steeper slopes in mesotrophic and eutrophic waters may be because the OPC 

cannot distinguish mesozooplankton from the numerous and comparatively small 

but abundant detritus particles in the SCCS. A comparison of in situ OPC-

measured size distributions with laboratory OPC measurements of preserved 

plankters collected by net found that fragile particles (assumed to be detritus) 

were on average much smaller and 4 times as abundant as the zooplankton, with 

higher detritus:zooplankton ratios occurring in high-chlorophyll waters (Gonzalez-

Quiros and Checkley, 2006). Other studies within the SCCS have also shown a 

positive relationship between increased upwelling (as would be more likely to be 

found inshore compared with offshore) and flatter size spectra of net-collected 

zooplankton (Rykaczewski and Checkley, 2008). 

Taken together, the cross-frontal changes in phytoplankton Chl-a, DVM 

behavior, acoustic backscattering characteristics, zooplankton samples, and 

modeled size-spectra indicate that fronts in the Southern California Current 
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System often act as boundaries between waters with very different ecosystem 

characteristics. Offshore of these fronts, zooplankton inhabit waters that are 

optically clearer and characterized by deeper chlorophyll maxima compared with 

inshore waters, and where zooplankton in the offshore waters display increased 

DVM amplitudes. Our new approach to modeling zooplankton size spectra 

allowed us to infer from glider acoustic backscatter data that offshore 

environments are dominated by smaller bodied zooplankters compared with 

inshore environments. These gradient regions not only restructure the plankton 

assemblages, but also markedly alter the prey field for diverse pelagic predators.  
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Table 4.1: Comparison of inshore and offshore (relative to frontal location) 
scattering characteristics of daytime and nighttime layers of maximum 
backscatter. 
 

 Line 80 Line 90 

 Inshore Offshore p-value Inshore Offshore p-value 

Daytime MVBS (dB) -69.1 -75.1 <0.001 -71.7 -77.5 <0.001 

Daytime maxDSV (dB) 2.31 2.55 0.018 2.46 2.79 0.007 

Nighttime MVBS (dB) -65.5 -68.2 <0.001 -67.4 -70.5 <0.001 

Nighttime maxDSV (dB) 2.3 2.4 0.073 2.4 2.5 0.019 
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Figure 4.1. CCE-LTER Spray glider transect lines 80 and 90, off the Southern 
California coast superimposed on bathymetry. Inset shows location off North 
America. Symbols depict location of Mocness tows conducted during three 
cruises: P0605 (blue), P0704 (green), and P0810 (pink). Circles and triangles 
indicate tows occurring offshore and inshore, respectively, of a contemporaneous 
major frontal feature along line 80. Open (closed) symbols indicate daytime 
(nighttime) tows. 
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Figure 4.3. (A,B) Mean density, σθ, and (C,D) salinity structure inshore and 
offshore of canonical fronts for (A,C) Line 80 and (B,D) Line 90.  
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Figure 4.5. (A,B) Mean volume backscatter (MVBS) and (C,D) Chl-a 
fluorescence structure inshore and offshore of canonical fronts for (A,C) Line 80 
and (B,D) Line 90. 
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Figure 4.6. Changes in the depth of Chl-a fluorescence maximum across ocean 
fronts in the Southern California Current System. (A) Vertical section of 
fluorescence structure along line 90 (depth of the Chl-a maximum is denoted by 
the solid white line). (B) Average change in depth of the Chl-a maximum as 
recorded by a glider, between a 24 hr period inshore of given dive minus the 
average depth offshore of that dive. (C) Horizontal gradient in surface layer (0-50 
m) density recorded by the glider. Dotted red lines are the threshold above or 
below which a front is defined. Vertical lines indicate the presence of a positive 
front where the average surface layer density is greater inshore than offshore. 

 



142 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Average inshore to offshore change in the depth of the (A,B) Chl-a 
fluorescence maximum and (C,D) euphotic zone across fronts compared to non-
frontal regions for (A,C) line 80 and (B,D) line 90. The upper and lower 
boundaries of each box represent the 75th and 25th percentiles of values, 
respectively, and the red line represents the median of recorded values. Triple 
asterisks indicate P <0.001 (Mann Whitney U). 
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Figure 4.8. Depth of the Chl-a maximum versus the modeled depth of the 
euphotic zone. The black line shows a 1:1 relationship.  
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Figure 4.9. Changes in DVM amplitude across ocean fronts. (A) Vertical section 
of MVBS along line 80. Black (night), white (day), and gray (dawn,dusk) symbols 
estimate the position the layer of maximum backscatter as the median depth of 
samples with MVBS values above the 85th percentile for a given dive. (B) 
Average change in DVM amplitude as between the two 24 hr periods inshore and 
offshore of given dive. (C) Horizontal gradient in surface layer (0-50 m) density 
recorded by the glider. Dotted red lines are the threshold above or below which a 
front is defined. Vertical lines indicate the presence of a positive front where the 
average surface layer density is greater inshore than offshore. 
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Figure 4.10. Average inshore to offshore change in DVM amplitude across fronts 
compared to non-frontal regions for (A) line 80 and (B) line 90. The upper and 
lower boundaries of each box represent the 75th and 25th percentiles of values, 
respectively, and the red line represents the median of recorded values. Single 
asterisks indicate P<0.05, double asterisks indicate P<0.01 (Mann-Whitney U). 
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Figure 4.11. Relationship between median DVM amplitude and the median 
depth of the euphotic zone. The modeled depth of the euphotic zone (i.e., the 1% 
light level) of all dives was binned into twenty 5 percentile-wide bins (e.g., 0-5th 
percentile, 5th-10th percentile, etc.). Gray dots indicate the euphotic zone depth 
and median DVM amplitude of the dives within each of those twenty bins. The 
black line is a loess fit. 

 

20 30 40 50 60 70 80
0

50

100

150

200

 
Median Euphotic Zone Depth (m)

M
ed

ia
n 

D
V

M
 A

M
pl

itu
de

 (m
)



147 

 
 

 

 

Figure 4.12. Vertical sections of (A) MVBS and (B) maxDSV values along a line 
80 transect. The position of an ocean front is indicated by the dotted white line. 
Magenta lines separate three depth strata (0-150 m, 150-400 m, and 400-500 m) 
which are analyzed further in figure 13. Boxes indicate the extent of data used to 
calculate average maxDSV inshore of each dive (dashed line box) and offshore 
(solid line box), and used to calculate horizontal changes in maxDSV across 
frontal regions (white boxes) and non-frontal regions (black boxes). 
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Figure 4.13. Horizontal gradients in maxDSV across frontal regions (white 
boxes) versus non-frontal regions (shaded boxes) for (A-C) line 80 and (D-F) line 
90, for three depth strata (indicated above the panels). The upper and lower 
boundaries of each box show the 75th and 25th percentiles of recorded values, 
respectively. Asterisks indicate significant (p<0.05) differences in the horizontal 
gradient at frontal regions compared to non-frontal regions.   
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Figure 4.14. Acoustic backscattering characteristics of different depth strata 
(A,C) offshore, and (B,D) inshore of (A,B) line 80 fronts (n=81), and (C,D) line 90 
fronts (n=73). Blue (400-500 m) and green (100-200 m) dots show the median 
MVBS and maxDSV within a specific depth stratum spanning a 24 hr travel 
window from the front.  Yellow symbols show the median position of the blue dots 
and the magenta symbols show the median position of the green dots. 
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Figure 4.15. Acoustic modeling of zooplankton assemblages. Acoustic model 
output from a Monte Carlo simulation of (A) expected MVBS, and (B) expected 
maxDSV of an ensonified volume containing simulated zooplankton 
assemblages. Slope and intercept refer to the input parameters of the size 
spectrum (n= 10adb, where d is the body length of a given zooplankter, and a 
and b are the intercept and slope, respectively of the spectrum) used to create 
the simulated assemblages. Inverse functions showing the expected (C) slope 
and (D) intercept values of a zooplankton size spectrum given glider-observed 
MVBS and maxDSV. 
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Figure 4.16. Expected size spectra of daytime and nighttime scattering layers. 
Size spectra of ensonified zooplankton assemblages were estimated with an 
inverse model using observed MVBS and maxDSV data from within a 24 hr 
glider travel window inshore and offshore of fronts along lines 80 and 90. 

 

10-2 10-1 100 10110-10

10-5

100

105

night inshore 
night offshore 
day inshore 
day offshore 

N
um

be
r s

pe
ct

ru
m

, n
 (#

 c
m

-

Animal length (cm) 



152 

 
 

 

 

 

 

 

 

Figure 4.17. Inverse model output showing variation in expected slopes of size 
spectra of assemblages ensonified by the glider ADP along a line 80 transect. 
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Figure 4.18. Expected size spectra of vertically stratified scattering layers. The 
blue and green lines show the size spectra of ensonified zooplankton 
assemblages of the 400-500 m and 100-200 m scattering layers, respectively, 
located within a 24 hr window of glider travel from fronts along lines 80 and 90. 
For comparison, the gray lines show the expected size spectra from figure 16. 
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Figure 4.19. Day (D) and Night (N) weighted mean depths (WMD) of 
zooplankton in the offshore and inshore regions. Box plots show WMD of 
zooplankton collected by Mocness offshore by day (N=10, open) and night (N=6, 
filled) and zooplankton collected inshore during day (N=13) and night (N=10). 
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Figure 4.20. Vertical distributions of carbon biomass of major zooplankton taxa 
in the inshore and offshore regions on three cruises: P0605, P0704, P0810. The 
depth distributions of (A-F) all zooplankters, and (G-L) zooplankters with an ESD 
greater than 1.6 mm are shown for (A-C,G-I) offshore and (D-F,J-L) inshore 
Mocness tows. Each bar shows the median carbon biomass concentration of all 
Mocness nets collected from the indicated depth stratum. Divisions within each 
bar indicate the mean percentage of biomass that was contributed by each major 
taxonomic group (calanoid copepods excluding eucalanids, euphausiids, 
eucalanid copepods, chaetognaths, and all others). Blue dots accompanying 
each bar indicate the maximum biomass value recorded at that depth. Note that 
horizontal scales differ. 
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Figure 4.21. Comparison of inshore and offshore carbon biomass contributions 
of different taxonomic groups for the three cruises combined (P0605, P0704, 
P0810). Boxplots shows the percent of biomass contributed to total biomass by a 
taxon (calanoid copepods excluding eucalanids, euphausiids, eucalanid 
copepods, chaetognaths, and all others) for inshore tows (N=10) and offshore 
tows (N=6). Each box spans the 25th to 75th percentile range of biomass, upper 
and lower whiskers show the minimum and maximum, and the black line within 
each box shows the median value. Asterisks indicate significant differences 
(P<0.05; Mann-Whitney U test) between inshore and offshore percent biomass 
contributions for that taxonomic group. Absence of asterisks indicates P>0.05. 
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Figure 4.22. Vertical distributions of carbon biomass different zooplankton size 
categories in the inshore and offshore regions on three cruises: P0605, P0704, 
P0810.. The depth distributions of (A-F) all zooplankters, and (G-L) zooplankters 
with an ESD greater than 1.6 mm are shown for (A-C,G-I) offshore and (D-F,J-L) 
inshore Mocness tows. Each bar shows the median carbon biomass 
concentration of all Mocness nets collected from the indicated depth stratum. 
Divisions within each bar indicate the mean percentage of biomass that was 
contributed by each size category. Blue dots accompanying each bar indicate the 
maximum biomass value recorded at that depth. Note that horizontal scales 
differ. 
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Figure 4.23. Comparison of inshore and offshore carbon biomass contributions 
of different size classes for three cruises combined (P0605, P0704, P0810). 
Boxplots shows the percent of biomass contributed to total biomass by a size 
class for inshore net samples (N=89) and offshore net samples (N=45). Each box 
spans the 25th to 75th percentile range of biomass contributions, upper and lower 
whiskers show the 95th and 5th percentile, and the black line within each box 
shows the median value. Double asterisks indicate significant differences 
(P<0.001; Mann-Whitney U test) between inshore and offshore percent biomass 
contributions for that size class. Absence of asterisks indicates P>0.05. 
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Chapter 5. 

Summary and conclusions 

 

Life in a turbulent ocean… as observed by Spray gliders 

In this dissertation I have sought to describe some of the general 

characteristics and biological consequences of fronts within the Southern 

California Current System (SCCS) using data collected by Spray ocean 

gliders. Unlike previous studies which focused on individual fronts, I compared 

the conditions found at 154 fronts occurring over a 6 year period with the 

conditions found in areas located away from fronts, in order to describe the 

role fronts play in the regional ecosystem. I describe the spatial and seasonal 

distribution of fronts during the six-year period, as well as how fronts structure 

habitat types, biomass distributions, and zooplankton vertical migration 

behavior (DVM) within the region. I also examine cross-frontal changes in 

zooplankton assemblages, or at least those changes detectable by Spray’s 

instruments. In this concluding chapter, I will review these main results, and 

also suggest future research directions which will expand our understanding of 

the ecological importance fronts in the SCCS. 

This dissertation represents the first multi-year, in situ study of fronts 

within a broader region like the SCCS. This dissertation would not exist if it 

were not for autonomous ocean gliders like Spray. Autonomous technologies 

in general, and gliders in particular, are enabling a new approach to biological 

oceanography and pelagic ecology. In the final parts of this concluding 



162 
 
 

 
 
 

chapter, I examine where gliders could and should take our discipline. Gliders 

will enable a much tighter coupling between empirical observations and real-

time ecosystem modeling, and I believe this will lead to a new era of discovery 

in the ocean sciences.  

 

Estimating zooplankton biomass with the Spray ADP 

The results presented in this dissertation relied extensively on data 

collected by Spray gliders whose instrument packages were pre-determined 

prior to my research. As such, my results pertaining to zooplankton 

distributions used acoustic backscatter (ABS) from Sontek acoustic doppler 

profilers (ADP) instead of a purpose-built scientific echosounder optimized for 

the study of zooplankton distributions. In Chapter 2, I demonstrate that the 

ABS measured by Sontek ADPs is proportional to the biomass of zooplankton 

ensonified within the beam, and that zooplankton with equivalent spherical 

diameters (ESD) greater than 1.6 mm account for most of the observed ABS. 

Copepods contribute proportionally more to observed ABS at the low end of 

ABS observations, whereas euphausiids and other larger-bodied zooplankton 

contribute more when observed ABS is high. 

Although the Sontek ADP is adequate for estimating bulk biomass 

distributions, more advanced acoustic instrumentation would augment future 

studies. One possibility would be to alter the Sontek ADP firmware. The 

Sontek ADP records ABS within 4 m range bins, but the firmware could be 

modified to record ABS within much narrower range bins (< 10 cm). With 
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narrower range bins and shorter pulse lengths, the inverse methods I explored 

in Chapter 4 (which infer zooplankton size spectra from ABS data) would have 

been more robust to noise due to a greater number of possible interbeam 

comparisons. Another possibility would be to augment the glider with a 

purpose-built scientific echosounder to further improve our ability to estimate 

zooplankton biomass and detect changes in assemblages. Indeed, the 

integration of multi-frequency echosounders into gliders and AUVs now seems 

possible (Lemon et al. 2012). 

 

Front distribution and seasonality in the SCCS, and their rolein structuring 

plankton distributions 

Several satellite-based studies (Castelao et al. 2006, Belkin et al. 2009, 

Kahru et al. 2012) have demonstrated that fronts are a common feature in the 

SCCS. The in situ glider-based observations of front seasonality and spatial 

distribution presented in Chapter 3 corroborate these studies. Perhaps more 

importantly, the glider observations elucidate the role that fronts play in 

structuring zooplankton biomass distributions (as inferred from ABS data) and 

phytoplankton distributions (as inferred from chlorophyll-a (Chl-a) 

fluorescence). I found that horizontal gradients in ABS and Chl-a covaried with 

horizontal gradients in physical variables such as density, salinity and 

temperature, and that physical fronts (marked by the strongest gradients in 

density) were often colocated with biological fronts (marked by the strongest 

gradients in ABS or Chl-a). Previous ship-based studies have shown that 
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physical ocean fronts were also biological ocean fronts, but I showed that this 

was a general characteristic of fronts and not just a statistical fluke or artifact 

due to confirmation bias.  

I also found thatfronts were typically zones of plankton biomass 

accumulation, as opposed to merely zones of altered biomass gradients. 

Using these data, I estimated that large mobile predators would find better 

foraging grounds up to 77% of the time simply by traveling up horizontal 

density gradients. These results illustrate the true value of extended 

observations of dynamic, ephemeral structures like fronts enabled by gliders.   

While the glider data were useful for describing the average 

characteristics of fronts and their relationship to inferred biomass gradients 

and accumulation zones, the data were less useful in determining the physical 

mechanisms through which these gradients and accumulation zones were 

generated. There was no consistent correlation between horizontal gradients 

in acoustic backscatter and horizontal gradients in either along-track or cross 

track flow. One might expect that advection would play an important role in 

creating and maintaining the enhanced zooplankton biomass gradients and 

accumulation patterns seen at fronts. However, zooplankton distributions at 

any given time point are the result of an integration of many processes (e.g., 

advection, reproduction, growth, predation, and vertical migration) occurring 

over a period of weeks to months. It is perhaps not surprising that resolving 

the pattern-generating mechanisms would be difficult with glider passes that 

sampled the same location every 2-3 weeks.  
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One future approach to resolving mechanisms may be to deploy two 

gliders concurrently along each glider line. The first glider would transit back 

and forth along the line as usual, but the second glider would focus on frontal 

features found by the first. The second glider could cross the front many times, 

building up a time-varying picture of the front and capture the evolution of 

velocity fields and biomass distributions over a period of weeks.  

It would also be interesting to extend the results of Chapter 3 by 

combining both glider and satellite data in order to place the glider-observed 

fronts in a broader context. The glider provides only a snapshot of conditions 

along a 2-D section as it crosses a front. There are many things we cannot 

deduce from a snapshot. For example, is a particular glider-observed front a 

mesoscale or submesoscale feature? Did the glider cross the front 

orthogonally? Do satellite altimetry data predict enhanced geostrophic flow? 

Did the glider cross the front at a cyclonic or anti-cyclonic bend? How long has 

the front persisted? Answers to these questions could help define which frontal 

conditions are most associated with increased biomass accumulation and to 

what degree advection influences biomass distributions. 

Another area of future research is determining the degree to which in 

situ growth contributes to observed plankton distributions seen at fronts, and 

under what conditions physically caused accumulation predominates. 

Currently, the Spray glider can only measure proxies for the standing stocks of 

phytoplankton and zooplankton; it cannot measure rates such as primary and 

secondary productivity. Measuring rates is critical to understanding how fronts 
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impact the ecology of a wider region. Adding a nitrate sensor (to estimate the 

potential for increased primary productivity), and a multi-spectral, variable 

fluorescence fluorometer (to identify dominant phytoplankton taxa, and 

estimate photosynthetic potential and phytoplankton health) would improve our 

ability to model the primary productivity of a water parcel. Integrating a 

plankton imaging camera in the glider would improve our ability to estimate 

secondary production by identifying dominant plankton taxa and measuring 

abundances of eggs and nauplii within a water parcel. 

It may also be possible to apply more sophisticated methods of analysis 

to elucidate mechanisms than were done in this dissertation. The results 

presented in Chapter 3 relied mostly on simple correlations, linear regression, 

and non-parametric methods to compare median values. These methods were 

appropriate for quantifying general characteristics of fronts, but they are less 

useful for unraveling mechanisms. More flexible methods such as general 

additive models (GAMS) (Hastie and Tibshirani 1987) may provide more 

insight into how biomass distributions are generated in the SCCS. Recently, 

state space reconstruction (SSR) methods (Deyle et al. 2013) have proven 

useful in estimating a variable (e.g., accumulated biomass) that is part of a 

dynamical system controlled by interacting, non-linear processes (e.g., 

advection, primary production, growth, predation). One powerful advantage of 

SSR methods is their robust ability to estimate a variable such as biomass 

accumulation even when data for some of the other explanatory variables are 

missing. 
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Fronts as boundaries between planktonic ecosystems. 

In Chapter 3, I found that the time-evolution and spatial context of a 

front makes each front unique. For example, not all fronts were associated 

with strong gradients in biomass distribution. Nonetheless, in Chapter 4, 

average cross-frontal changes in temperature, salinity, and the depth of the 

euphotic zone suggest that planktonic habitats are consistently different when 

crossing a front from inshore to offshore in the SCCS. Inshore waters were 

consistently colder, saltier, and more turbid compared with offshore waters 

that were warmer, fresher, and clearer. These physical changes were 

accompanied by changes in some characteristics of the in situ plankton 

assemblages. Offshore of fronts I found increased depths of the chlorophyll 

maximum (DCM) and increased amplitude of diel vertical migration (DVM). 

Others have noted similar cross-frontal changes in the vertical distribution of 

chlorophyll fluorescence and the depth of the euphotic zone (Andersen et al. 

2004), but the present study was able to measure the average depth change 

of the DCM across fronts during an extended study period of six years. 

Likewise, others have noted changes in diel vertical migration (DVM) behavior 

across individual fronts (Moser and Smith 1993, Andersen et al. 2004), but the 

present study is the first to show that cross-frontal changes in DVM behavior is 

a general characteristic of fronts in the SCCS, and covaries with the optical 

characteristics of the water column. 
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One of the most interesting results from Chapter 4 involved inferred 

changes in zooplankton assemblages across fronts. In general, offshore of 

fronts smaller-bodied zooplankton contributed more to the overall zooplankton 

biomass compared to inshore of fronts, where larger bodied-zooplankters 

contributed proportionally more to the overall biomass. Combined with the 

marked increase in DVM amplitude offshore of fronts, I interpreted these 

results to mean that fronts separate waters with different zooplankton 

assemblages. Cross-front changes in zooplankton assemblage have been 

observed in many ship-based studies of individual fronts (Mackas et al. 1991, 

Ohman et al. 2012), but this is the first study to determine that this is a general 

property of fronts in the SCCS. 

Inclusion of a multi-frequency or broadband scientific echosounder in 

the Spray instrument package would provide much greater insight into the 

kinds of changes in zooplankton assemblage seen across fronts.  This could 

be particularly useful for determining the foraging potential of fronts for mobile 

predators such as tuna, seabirds, and whales.  

 

A new model for discovery in Biological Oceanography 

With more gliders, better sensors, satellite data, increased ship-based 

sampling, it may indeed be possible to better identify ocean conditions that 

lead to biomass accumulation, increased primary and secondary production, 

and altered species assemblages at fronts. This is the traditional observational 

approach to biological oceanography. 
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However, there is a fundamental problem with this approach. It is 

inherently backward looking. While we have increased the number of 

snapshots of the system, we still have not turned these snapshots into a true 

video which shows the time-evolution of the system. In other words, we may 

have better described the probability density functions of the different 

outcomes in response to known conditions, but we have not demonstrated a 

true mechanistic understanding necessary to describe how fronts impact the 

wider region. Will increasing the number of snapshots of the SCCS allow us to 

predict primary and secondary production? Perhaps in a probabilistic way. Will 

we be able to predict community succession patterns, recruitment, or 

population dynamics? Can we begin to understand what role fronts might play 

in regional ecosystem stability and resilience, or ecosystem change? Will we 

be able to predict ecosystem functioning under future climates? We are not yet 

at that point.  

A true mechanistic understanding of how fronts impact the ecology of 

the region can only be explored with coupled physical-biological models. 

However, modeling ocean ecosystems is inherently difficult. Even the simplest 

analytical models, such as Nutrient-Phytoplankton-Zooplankton-Detritus 

(NPZD) models, can display complex behavior depending upon initial 

parameterizations. Moreover, there are fundamental problems with the way we 

currently use models. As Franks (2009) points out, the assumptions underlying 

the formulation and parameterization of models are rarely closely examined. 

Often, the model formulation and parameterization is inappropriate to the 
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investigation. More importantly, models are rarely treated as real hypotheses 

(i.e., those which can be falsified by new empirical data). Instead of testing 

which model amongst many best explains the data, the same model is often 

used again and again to describe a variety of situations.  

Biological Oceanography employs both empirical methods (observation 

and experimentation) and theoretical methods (modeling). The problem is that 

the empirical and theoretical approaches are not well integrated. As Franks 

(2009) succinctly puts it: “we do not model what we measure, and we do not 

measure what we model.” 

There is a better way to do biological oceanography. We need to build a 

better integrated observing system that combines glider and satellite data with 

extensive real-time modeling. Automatically assimilating glider and satellite 

data into high-resolution regional nowcast and forecast models will accomplish 

two goals: first, we will be able to simultaneously test multiple ecosystem 

models and discover which model best explains the data. Second, high-

resolution regional models will enable adaptive sampling by gliders or small, 

fast boats to target areas where models are underperforming. “Just in time” 

boat-based sampling (as opposed to traditional ship-based sampling which is 

often scheduled years in advance) would collect data and samples not 

generally collected by the gliders (e.g., DNA sequencing, enzymatic assays, 

species identification, etc.).  

Not only will this integrated approach finally allow us to model what we 

measure, and vice-versa, it will significantly accelerate the iteration cycle of 
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hypothesis, measure, test, analysis from a period lasting several years to one 

lasting only weeks or months. The ability to quickly formulate multiple alternate 

hypotheses and test them is critical to strong inference (Platt 1964), and is 

what distinguishes a healthy scientific discipline from an ailing one.  

Positive trends in four technology areas will enable this new mode of 

discovery. First, advances in low-power computing are enabling sophisticated 

software to run on everything from autonomous vehicles to smartphones.  For 

the past several decades, the energy required per bit of computation has fallen 

by half every 1.5 years (Koomey et al. 2011). In other words, in ten years only 

1% of the battery capacity will be required for a given computational load as is 

required today. This translates into increased mission durations and more 

sophisticated computing available for onboard data analysis and data 

reduction.  

Second, coupled physical-biological ecosystem models will greatly 

improve due to advances in high performance computing. Supercomputing 

performance (measured in floating point operations per second) has doubled 

nearly every year for the last two decades (Service 2012). Additionally, 

powerful new methods such as probabilistic programming and quantum 

computing (Watrous 2008) are being developed that can rapidly search a 

model space of functional forms and parameters to automate the optimization 

of complex ecosystem models. This will help researchers rapidly update, 

explore, and test suites of models simultaneously.  
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Third, advances in materials science and nanotechnology are fostering 

new battery technologies. For example, within five years Lithium-seawater 

batteries may provide a 300% increase in mass-specific energy capacity (1500 

Wh/kg compared with 500 Wh/kg) and a 50% increase in volumetric energy 

capacity (1500 Wh/liter compared with 1000 Wh/liter). Better batteries will 

enable longer missions and provide increased power for sensors and on-board 

data processing.  

Fourth, low-power electronics and sensor technology is advancing 

rapidly. A wide range of advanced instrumentation has already been deployed 

(at least in prototype form) on AUVs or gliders, including doppler profilers, 

side-scan sonars, didson sonars, echosounders, passive acoustic arrays, 

camera systems, flow-through imagers (e.g., ISIS), ctds, oxygen sensors, pH 

sensors, nutrient sensors, mass spectrometers, to name a few. A primary goal 

for glider development should be the creation of multi-instrumented glider 

designed to study a wide range of biological oceanography questions. 

Currently, each sensor handles its own signal conditioning, processing, and 

data management. Significant power, cost and space savings could be 

achieved by combining more sensors into an integrated package. With 

adequate funding, a standard “bio-glider” package (Table 5.1) could be 

developed within 10 years. Such a bioglider would greatly improve our ability 

to model pelagic ecosystems, particularly with regard to what happens at 

dynamic features like fronts. 
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A call to arms: what are the big questions?  

A regional, glider-based integrated observation and modeling system 

capable of resolving oceanic and ecosystem processes at high resolution will 

allow us to tackle the big outstanding questions in biological oceanography: 

How are primary and secondary production controlled in a dynamic ocean? 

How do low frequency environmental forcings such as PDO and NPGO 

modulate production at the fine-scale? Can fisheries recruitment, standing 

stocks, and spatial distributions be predicted? Can mortality patterns be 

predicted? What are the real barriers to speciation and how are populations 

interconnected? What changes can we expect in production, carbon uptake, 

species abundance under future climates? How will ocean acidification alter 

ecosystem function? 

Of course, these are not novel questions, but we have never had the 

tools to adequately answer them before. Our efforts thus far have been too 

limited in scope due to insufficient sampling, a lack of tight coupling between 

field data and hypothesis-driven, adaptive modeling, and an inability to rapidly 

iterate the hypothesis cycle. The old model dominated by ship-based sampling 

is inadequate and rapidly becoming outdated. Ship time is becoming more 

expensive, and overall funding for the scientific fleet is declining (Kintisch 

2013). Alternatively, some would argue that the Ocean Observing Initiative is 

the way forward for biological oceanography and pelagic ecology. In my 

opinion, it is not. The OOI system is too dependent upon a comparatively 

sparse network of expensive, fixed infrastructure (e.g., moorings and cabled 
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sea-bed infrastructure). A glider-based network is much less expensive, more 

flexible in terms of adapting to future sensor technology, and most importantly, 

covers a broader area with more sensors.  

However, perhaps the most important reason to build such a network 

lies in its potential to answer the as yet unasked questions. The most 

interesting questions will be the ones which completely redefine our 

understanding of how the ocean works. In physics, the holy grail for the 

experimentalist and the theoretician alike is to discover something that 

completely overturns the existing understanding of how things work – in other 

words, new physics. I don’t see this overarching desire in biological 

oceanography. More often, it seems we merely try to square observations or 

model results with our current understanding. This is a consequence of 

insufficient sampling and moribund modeling efforts. The new approach 

advocated here can put us on the right track.   

So, where might we look for “new physics” in biological oceanography? 

I would argue that we need to be looking for emergent ecosystem behaviors 

which can only explained by coordinated behavior of disparate components. 

Marine communities are interconnected networks of species and individual 

organisms. We see emergent behavior in many other biological networks (e.g., 

social insects, the human brain, genome regulation, and the human-microbial 

complex), so it is reasonable to assume that emergent behaviors may be 

important at the ecosystem level as well. What determines ecosystem stability 

and resilience? To what extent are pelagic ecosystems structured by positive 
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species interactions (mutualisms and commensalisms) compared to negative 

species interactions (predation and competition)? What are the feedbacks 

between the biotic and abiotic components of the system? Are there an infinite 

or finite number of states in an ecosystem? Can an ecosystem be considered 

a super-organism which adapts to, or even anticipates changing physical 

conditions? These were the types of questions that were previously the 

exclusive domain of the theoretical ecologist. Glider-based networks coupled 

with continual model testing and just-in-time sampling will allow us to 

quantitatively examine these questions. The future is bright, and wet. 
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Appendix I 

Supplement to chapter 2 
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Appendix II 

ADP calibration protocols 

The Spray acoustic doppler profiler (ADP) was specially designed for the 

Spray by Sontek YSI, Inc.to measure current velocities. In my dissertation, I 

have also used the Spray ADP as an echosounder to map and quantify 

zooplankton distributions. The Ohman lab has developed protocols to test 

ADPs in an instrument test pool at Scripps Institution of Oceanography before 

and after each glider deployment. The purpose of these protocols is to 1) for 

each transducer, measure the acoustic backscatter (ABS) from a known target 

located in the center of the acoustic beam at a fixed distance from the ADP, 2) 

record the beam pattern for each transducer, and 3) to discover any potential 

problems with an ADP before it is deployed. 

Calibration setup 

The ADP is tested in an oval-shaped, freshwater pool (Fig. A2.1) whose 

interior dimensions are 5.5 m width, 12.5 m length and a minimum 4 m in depth. 

Prior to instrument calibration, the pool pumps are turned off and the pool is 

allowed to de-gas for at least 12 hr. 

At one end of the pool (e.g., approximately 3 m from the one end of the 

oval), the ADP is suspended from an aluminum beam 2 m below the surface, 

along the long-axis of the pool. The ADP is mounted in a bracket so that the 
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beam being tested is aligned along the long axis of the pool, and is parallel to 

the surface of the water. 

At a distance of 5 m from the ADP transducer face, a computer-

controlled X-Y stepper motor stage is mounted to a wooden bridge spanning 

the pool. The target sphere (a 1 cm tungsten-carbide ball) is suspended by 

monofilament into the pool from the X-Y stepper motor stage so that the ball 

can be moved in a 1 m2 grid perpendicular to the beam axis.  

The maximum backscatter is achieved when the sphere is located at the 

exact center of the beam. It was discovered in late 2008 that air-bubbles can be 

trapped on the thread that holds the target sphere, leading to erroneously high 

backscatter. This problem was overcome by soaping the thread with dish soap. 

A Matlab script controls the position of the target sphere in the X-Y grid 

via serial commands to the motor controller. The Matlab script also controls 

when the ADP pings the target, and records the post-ping ABS from the target. 

The script systematically moves the target through a 5 cm grid spaced series of 

positions (i.e. 400 positions total), and records ABS from 3 pings at each of 

these positions. The script then determines the likely  center of the acoustic 

beam and records pings from an additional 100 positions (2 cm grid spacing) 

centered on this location. After finishing this second grid pattern, the script 

determines the maximum backscatter measured by the ADP at the center of the 
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beam and posts this result to a private website along with an image of the beam 

pattern to archive the data. 

Beam Pattern 

Since the Spray ADP uses a simple circular monostatic transducer, the 

resulting beam pattern recorded during the calibration should be circular (Fig. 

A2.2). The beam map also allows calculation of the half-beamwidth, or the 

angle off-axis that the recorded beam strength drops by  6dB. For example, 

using the approximately 18 cm off-axis distance observed in the beam pattern 

in figure 1, and the 5 m distance to the target, the half-beamwidth angle is equal 

to  atan(0.18/5), or 2°.  

Maximum ABS from a known target 

In order to track instrument drift over time in any particular ADP, and to 

ensure comparability between different ADP instruments, I recorded the 

maximum return from the target for each beam for each ADP before and after it 

was deployed. Figure A2.2 shows the acoustic backscatter (80 dB) measured 

by the ADP when the acoustic return was maximal (i.e. when the target was in 

the center of the beam). Compiled results from these calibrations are presented 

in Tables A2.1 and A2.2. 
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Fig. A2.1. (A) ADP testing set-up in the SIO OAR pool. The ADP 
is shown 2 m underwater in the photo  at a distance of 5 
m from the stepper motor system (in the foreground) that 
controls the position of the target sphere relative to the 
acoustic beam. (B) A drawing of the pool is shown for 
scale. 
 

A    
B 
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Figure A2.2. Example beam map generated during the calibration of ADP 

M685 on March 23, 2011. The color scale depicts recorded acoustic 

backscatter in decibels. The number 80 refers to the maximum ABS recorded 

during the calibration from a point near the center of the beam. 
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Table A2.1. ADP calibration results. All data reported in decibels.  

ADP 
SN 

Calibration 
Date 

Beam 
1 

Beam 
2 

Beam 
3 Analyst 

Average 
interbeam 
difference 

Mean 
Change 

since last 
deployment 

Mean all 
deployments 

M1125 30-May-11 76 76 77 S. Gordon 0.67  76 

M1126 11-Jul-12 76 74 75   1.33   75 

M1128 31-May-11 79 79 79 S. Gordon 0.00   
M1128 10-Apr-12 77 78 78 Jesse 0.67 1.33  
M1128 27-Jan-13 80 78 79 C Nickels 0.99 1.30 79 

M1234 14-Dec-09 83 82 86 J. Powell 2.67   84 

M479 6-Oct-06 81 81 81 B. Maurer   0.00   
M479 30-Mar-07 81 81 82 J. Powell  0.67 0.33 81 

M489 8-Jan-07 83 84 83 J. Powell  0.67     

M489 2-Jul-07 83 82 81 J. Powell   1.33 1.33   

M489 10-Dec-07 83 83 82 J. Powell   0.67 0.67   

M489 20-Sep-11 79 79 79 S. Gordon  0.00 3.67 82 

M513 6-Oct-06 85 84 85 B. Maurer  0.67  85 

M578 8-Sep-07 84 84 84 J. Powell  0.00     

M578 30-Mar-08 87 87 88 J. Powell  0.67 3.33   

M578 26-Jan-13 83 84 84 Cat 0.94 3.65 85 

M583 28-Dec-07 93* 92* 93* J. Powell  0.67   
M583 31-Jul-08 84 85 85 J. Powell  0.67 8.00  
M583 16-Jan-09 85 85 86 J. Powell  0.67 0.67  
M583 27-Nov-09 81 81 82 J. Powell  0.67 4.00  
M583 10-Aug-10 83 83 84 S. Gordon  0.67 2.00  
M583 23-Sep-11 82 83 83 S. Gordon  0.67 0.67 85 

M588 15-Jul-08 nan 87 88 J. Powell        

M588 28-Oct-12 79 82 80 Cat_Nickels 1.88 6.63 83 

M672 22-Sep-11 83 80 83 S. Gordon  2.00   
M672 28-Oct-12 82 84 79 Cat_Nickels 3.22 2.93 82 

M673 14-Jul-08 82 82 82 J. Powell  0.00     

M673 19-Jan-09 80 81 nan J. Powell    1.50 81 

M678 10-May-08 86 85 84 J. Powell  1.33   
M678 5-Apr-09 84 84 83 J. Powell  0.67 1.33  
M678 10-Apr-10 83 83 83 S. Gordon  0.00 0.67  
M678 25-Oct-10 87 87 85 S. Gordon  1.33 3.33  
M678 11-Jul-12 81 81 81 Jesse 0.00 5.33  
M678 27-Jan-13 85 83 84 C Nickels 1.74 3.17 84 

M680 23-Nov-08 84 87 84 J. Powell  2.00     

M680 27-Jul-09 82 82 82 J. Powell  0.00 3.00   

M680 13-Dec-09 83 82 82 J. Powell  0.67 0.33 83 

M681 28-Sep-09 80 81 80 J. Powell  0.67   
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Table A2.1 cont. 
 

   

ADP 
SN 

Calibration 
Date 

Beam 
1 

Beam 
2 

Beam 
3 Analyst 

Average 
interbeam 
difference 

Mean 
Change 

since last 
deployment 

Mean all 
deployments 

M681 10-Aug-10 83 83 84 S. Gordon  0.67 3.00 82 

M685 23-Mar-11 81 80 81 S. Gordon  0.67   81 

M686 29-Jul-08 82 81 82 J. Powell  0.67   
M686 25-Jul-09 80 80 80 J. Powell  0.00 1.67  
M686 12-Dec-09 82 81 81 J. Powell  0.67 1.33 81 

 

Note: Asterisks denote calibrations that were anomalously high for undetermined 

reasons. 
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