ABSTRACT
WATERS, LINDA GWEN. Seeding of Red Tides: Using Artificial Plankton and Biophysical
Models to Understand the Mechanics of Karenia brevis Bloom Formation. (Under the
direction of Thomas G. Wolcott).

Populations of the toxic dinoflagellate Karenia brevis that remain near the benthos in deep
shelf water in the Gulf of Mexico could be the source for toxic bloom occurrences near
shore. A biophysical dynamic simulation model and migrating aquatic drifters were used
together to assess whether such “seed populations” could persist in nature. Planktonic
vertical migration responses to a solely benthic nutrient source and light limitation would
result in benthically oriented behavior in conditions found on the West Florida Shelf (WFS).
The biophysical model indicated that flux of nutrients from a 50m deep bottom that had a
nutrient concentration ≥2μmol nitrate/nitrite in a 2m thick layer above the benthos was
needed to permit growth for dark adapted K. brevis in an oligotrophic water column. Growth
rates are more dependent on the duration of exposure to nutrients than on concentration; the
ability of 1m thick nutrient layer to sustain minimum growth levels was independent of the
nutrient distribution for depths down to 40m. In field experiments using Autonomous
Behaving Lagrangian Explorer (ABLE) drifters, which exhibit biomimetic vertical migration
responses to the external environment, showed a benthically-oriented movement pattern in
response to natural light and elevated near-benthic nutrients. Behaviorally controlled
migration therefore would result in behavioral trapping of a slowly growing population near
the benthos. Average measurements of nutrients and light from the bottom 2m of the water
column in a potential bloom-forming region of the WFS were higher than required for
growth in our model, suggesting that nutrient distributions in the coastal ocean could support
a benthic population offshore. Under upwelling conditions, such populations could be
advected inshore to frontal convergence zones and form toxic “red tide” blooms.
Probable retention of near-benthic “seed” populations by bottom currents differed by region
(near Sarasota FL, Destin, FL, and in the center of the Big Bend) and was related to regional
prevalence of blooms. K. brevis near Destin (simulated by ABLEs) would be transported
with bottom water, because they became bottom oriented with ~10m vertical diel amplitude

on the WFS in response to a 1m thick near-benthic nutrient-enriched layer. Modeled cellular
division rates combined with transport speeds during ABLE deployments in Destin and
Sarasota yielded projected transport distances of up to 89.76km over a K. brevis cell cycle.
Such K. brevis populations would be transported into deeper shelf regions with less
accessible light in the presence of cross-shelf currents. Based on light availability (SeaWiFS,
2004-2009) is sufficient in these deeper regions for probabilities of year-round population
survival to reach 90-100% for Sarasota, 30-80% near Destin, and 50-80% in Big Bend;
seasonal probabilities were lowest in winter and summer when blooms are also least likely.
Modeled bottom currents indicated that populations near Destin and Sarasota would be
transported predominantly alongshore and thus remain at the same bottom depth, supporting
a near-benthic population that could later seed blooms, but that this would not occur in the
Big Bend region.
The ABLE design was assessed for sensor precision, realistic vertical migration, similarity to
transport of “standard” drifter designs, and practicality for future use in other kinds of
plankton studies. Comparisons of sensors with organisms’ capabilities indicated sufficient
resolution to imitate most larval plankton, although higher resolution of pressure and light
may be necessary to imitate some species (e.g. C. sapidus.) Vertical migration velocities and
depth profiles closely matched the intended (dynamically-calculated) values. ABLEs
migrated with the intended water mass both when released with “conventional” drifters with
known drift error rates, and when released in an estuary during flood tide. The ABLE is
considered to have evolved into a practical field instrument for estuarine and coastal plankton
tracking.
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Chapter 1. Introduction

1.1 BACKGROUND
Karenia brevis is a toxic dinoflagellate that forms dense aggregations in the Gulf of Mexico,
colloquially referred to as “red tide” blooms due to the resulting distinctive red water color.
These blooms have been studied extensively (e.g. Davis 1948, Wilson 1966, Steidinger &
Ingle 1972, Steidinger et al. 1998), partly because they are of great public interest due to the
negative effects of their associated neurotoxins (Shimizu et al. 1995), which affects not only
environmental health but also human health (Kirkpatrick et al. 2004, Fleming et al. 2007) and
thus also tourism. They adversely affect the fishing industry almost every year (FWRI
database) through fish kills and other mass mortality events of many marine species
(Steidinger & Ingle 1972, Steidinger 1983). Longer term financial and social impacts to the
fishing communities result from the contamination of filter-feeding stocks such as oysters,
requiring bed closures to avoid ingestion of contaminated tissues by humans (Steidinger &
Haddad 1981). Improved prediction of blooms would improve management of coastal
resources and increase tourism revenue through planning around impending events
(Kirkpatrick et al. 2008).
Our understanding of how K. brevis blooms are initiated is limited because they usually are
detected only once they reach populated areas along the shorelines rather than at inception in
open water. They were generally thought to initiate offshore in oligotrophic water conditions
(Tester & Steidinger 1997, Vargo et al. 2008, Vargo 2009), but when using recently
developed satellite-based methods, some large blooms appear to form rapidly nearshore
without prior satellite detection (Stumpf et al. 2003). Techniques for predicting blooms using
remote sensing data are under development (Tomlinson et al. 2004, Cannizzaro et al. 2008),
and it’s possible that pre-bloom concentrations of K. brevis may be below detection limits of
104 cells l-1 (Cannizzaro et al. 2008). Blooms could form offshore and remain undetected by
satellites only if they arose in areas that appear to have insufficient nutrients to support their
growth (Vargo et al. 2008) to bloom concentrations of 1 x 105 cells l-1, yet also increase
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faster than the maximum growth rate of this species (Tester & Steidinger 1997, Stumpf et al.
2008). This suggests that during initiation of a bloom the cells are not just reproducing, but
also being aggregated from other areas.
K. brevis cells can be found at depth (Sinclair & Kamykowski 2006); this led to the
hypothesis that prior to bloom formation, the population subsists below the first optical depth
and hence is not detectable by satellites (Schofield et al. 1999). These cells could be relying
on nutrients in the water column, enriched by flux from the benthos (Marinelli et al. 1998) or
from the interstitial spaces of sediment (porewater) into which they can migrate (Sinclair &
Kamykowski 2008). At bottom depths > 12m, the slow swimming speed of K. brevis, ~1 m
hr-1 (McKay 2004), would prevent such a population from reaching the surface within their
diel migration cycle. Whether these postulated nutrient sources could support a population on
the GOM shelf, and how the distribution of those nutrients and of light would affect vertical
migration behavior was unknown.
This project sought identify whether the environmental conditions on the West Florida Shelf
would support a population of Karenia brevis near the benthos, whether the vertical
swimming behavior for K. brevis would keep the cells near the benthos or the surface under
those conditions, and whether the population would remain in suitable regions for growth
despite horizontal transport throughout the year. In Chapter 1, we first measured the spatiotemporal distribution of nutrient sources that would support a population of K. brevis near the
benthos. In a linked environmental-behavioral model, using a range of nutrient
concentrations and distributions similar to those measured, we then explored the resulting
vertical migration behavior to ascertain whether near-benthic subsistence could be sustained
over multiple cellular generations. Then we used a novel device that migrates according to
programmed planktonic behavioral responses to the environment to assess whether the
previously analyzed nutrient and light conditions would result in benthically-oriented vertical
migration behavior under natural light conditions. In Chapter 2, we continued our exploration
of benthically-oriented vertical migration to assess whether that migration was maintained in
situ in the Gulf of Mexico, and how far organisms with that behavior would have been
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transported in one cell generation if the current regime remained constant. Using that
distance as a baseline, we then combined models of near-benthic current velocities, satellitederived data of light attenuation, and the vertical behavior of a K. brevis cell under those
conditions to determine if correlations existed between this combination of parameters and
areas where blooms are known to occur. In Chapter 3, we then assessed the capabilities and
practical value of the migrating drifter that was developed during these experiments, the
Autonomous Behaving Lagrangian Explorer (ABLE.) We describe its strengths and
weaknesses and its applicability to studies of other planktonic species. In exploring the
possibility of a near-benthic seed population for “red tide” blooms, we also demonstrated the
utility of this newly developed oceanographic instrument to determine the consequences of a
planktonic organism’s behavioral “decisions” on their vertical distributions and consequent
horizontal transport.
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Chapter 2: The Potential for Benthically Oriented Karenia brevis in the Gulf of Mexico under both
Nutrient and Light Limiting Conditions

2.1 BACKGROUND
Karenia brevis, a toxic dinoflagellate endemic to the Gulf of Mexico (GOM), has been
detected near the surface at background concentrations (10-100 cells L-1) (Finucane 1964)
year-round (Geesey & Tester 1993). Toxic phytoplankton in the GOM form dense
aggregations, or blooms, following upwelling or downwelling conditions and during the
breakdown of vertical stratification (Walsh et al. 2003). Adverse economic and ecological
consequences have generated considerable interest in the mechanisms of bloom formation,
knowledge of which would aid predictive modeling of impact zones. The neurotoxins
(Shimizu et al. 1995) associated with the periodic blooms frequently affect not only tourism
but ocean and human health along the heavily populated shorelines near the West Florida
Shelf (WFS) (Steidinger & Ingle 1972, Steidinger 1983, Kirkpatrick et al. 2004).
Karenia brevis blooms often form after upwelling events, which transport subsurface water
towards shore (Stumpf et al. 2008), suggesting that a source population for the bloom “seed”
cells may be surviving offshore near the benthos. Even though the majority of the water
column along the shelf of the GOM is typically oligotrophic in the upper water column along
the shelf region (<0.1 µmol N), and growth rates of marine plankton are typically nitrogen
limited (Hecky & Kilham 1988), blooms of > 104 cells L-1 appear to form at the surface 1824 km offshore (Steidinger 1975, Tester & Steidinger 1997). K. brevis is efficient at N
accumulation in low concentration conditions, indicated by the low half-saturation rate of N
uptake in K. brevis, Ks= 0.06-1.07 µmol N, (Steidinger et al. 1998, Bronk et al. 2004), and
can potentially further enhance this ability by increasing uptake rates after prior low nutrient
exposure (Sinclair et al. 2006a). N present in porewater along the WFS (Sinclair, pers.
comm.) and subsequently fluxing from the sediment could sustain a diffuse K. brevis
population (Sinclair et al. 2006b). K. brevis cells near the benthos would be transported
shoreward by upwelling, become concentrated in frontal regions (Janowitz & Kamykowski
7

2006, Walsh et al. 2006), and subsequently form surface blooms. Red tide blooms commonly
form in the fall along the WFS, when upwelling favorable conditions are likely (Weisberg &
He 2003).
K. brevis is motile, performing diel vertical migrations (DVM) (van Dolah & Leighfield
1999), and adapted for both low light (Shanley & Vargo 1993, Magana & Villareal 2006)
and low nutrient conditions such as would be expected in offshore near-bottom water along
the oligotrophic shelf of the Gulf of Mexico. Bloom formation has previously been assessed
using surface sampling, but if these photosynthetic dinoflagellates migrate down to utilize a
benthic nutrient source, they are unlikely to reach the surface during their upward migration
for light if bottom depths exceed 15m. For example, DVM (described by Heil 1986,
Kamykowski et al. 1998, Dolah & Leighfield 1999) at speeds averaging 1 m hr-1 (McKay
2004) allows them to utilize light and nutrients separated by up to 12 m. Near- bottom
aggregations of other dinoflagellates (Kamykowski 1974, Cullen & Horrigan 1981) as well
as individual K. brevis cells (ECOHAB cruise series 2000) have been observed offshore in
deep water. We hypothesized that regions of the WFS where light levels are above the
minimum threshold for photosynthesis by K. brevis (Magana & Villareal 2006) within
swimming distance of the benthos can support sparse populations of potential “bloomseeding” K. brevis cells (Figure 1).
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Figure 1: Visualization of the possible position of a near-benthic “seed” population in the months prior to
K. brevis toxic bloom formation.

Dinoflagellates have the ability to modulate their migration depth according to nutrient and
light availability (Cullen & Horrigan 1981, Cullen 1982, Kamykowski et al. 1998), so these
two factors will determine if populations can maintain benthic orientation (migrating
between the benthos and a region with sufficient light for photosynthesis,) while persisting
over multiple generations. The speed of vertical migration for K. brevis is thought to be
modulated by the relative intracellular levels of carbon (photosynthate) and nutrients (nitrate
and phosphate) (Kamykowski & Yamazaki 1997, Kamykowski et al. 1998, McKay 2004).
Since the vertical distribution of nutrients determines the maximum depth to which the
dinoflagellates will migrate and therefore their exposure to light, near-benthic GOM water
was analyzed for nutrient content, as well as for vertical gradients that might serve as
orientation cues near the benthos. Behavior of biomimetic robot drifters (Autonomous
Behaving Lagrangian Explorers or “ABLEs”) then determined whether biologically based
“swimming rules” would result in bottom-oriented migration behavior in the presence of
vertical distributions of N that would result from benthic efflux or near-bottom, up-slope
upwelling, even when the surface is within potential swimming distance of the benthos. To
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assess whether such near-bottom populations could persist throughout the year, a simple
biophysical model was developed in which the cells migrate between the two essential
resources, light and nutrients. The swimming speed was dependent on the cells’ relative need
for C (photosynthate) or N (nutrients) (Yamazaki & Kamykowski 2000, Liu et al. 2001a). If
nutrient-limited K. brevis can maintain continuous bottom-oriented swimming behavior and
reach cell division using natural in situ light, a near-benthic “seed” population could persist
over time.
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2.2 METHODS

Water Column Sampling
Near-bottom Profiler:
Whether near-benthos water over the WFS in the GOM contains nutrients sufficient to
sustain a benthic population was examined offshore from Destin, FL (centered around
30.141N, 86.130W, Figure 3), an area where red tide blooms are known to occur, using the
R/V Pelican in July, 2009. The limiting nutrient N for K. brevis (Odum et al. 1955, Bein
1957) using NO3 and NO2 levels, [N], was measured in near-benthic water at three sampling
locations along each of the 20, 30, and 40m isobaths. To measure undisturbed near-bottom
nutrient distributions, a prototype water sampler (Wolcott, pers. comm.) collected 14
simultaneous ~30 cc samples from 10 cm to 2m above the bottom, at 10-20 cm increments.
The sampling chambers were mounted on a tripod lander (Figure 2) that was triggered
remotely a few minutes after landing to prevent contamination with water from other depths.
Water was filtered immediately (GF/F 0.7 um), then frozen (-20 C) until NO3 and NO2
analysis was performed (courtesy of the J. Burkholder Lab, NC State Univ.) using a Lachat
Instruments Quickchem 8000 autoanalyzer. Calibration of the Lachat was conducted with
low-nutrient seawater, collected from a depth of 50 m in the Gulf Stream off the NC coast by
the R/V Cape Hatteras.

CTD Sampling:
To determine whether near benthic nutrient availability is inversely related to changes in
available light near the sea floor, due to reduced competition for resources in low light, we
measured the vertical attenuation of photosynthetically active radiation (PAR), along with the
distribution of phytoplankton in relation to temperature, salinity, and a coarse profile of [N]
concentrations, from the R/V Pelican along two transects during the July 2009 cruise. PAR
was measured using a Biospherical Instruments 2-QSP-200L and Surface QSR, and
chlorophyll a by a Chelsea Instruments Aquatraka III, mounted to the top of a ~1.5m tall SeaBird CTD rosette that measured salinity, temperature, and depth using the SBE-9+. Nine
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stations were occupied along each of two transects running diagonal to the shoreline with
station bottom depths of 20, 30, and 40 m. [N] concentrations were measured at multiple
depths with a Satlantic ISUS using water collected via Niskin bottles during the profiling
cast. To allow comparison with a period in which blooms typically are not present, these
same sets of data were also collected along similar transects during May 2008, though
simultaneous collection of near-bottom nutrient samples using a previous design of the
nutrient lander was unsuccessful due to bottle contamination. [N] levels were compared to
near-bottom light levels to determine whether higher levels of nutrients were available near
the sea floor when light levels fell below 1% of surface PAR, depths where the less motile
majority of phytoplankton are poorly represented.

Figure 2: Benthic lander designed for this project by T.G. Wolcott at NC State University to collect 14
independent water samples simultaneously without mixing the water column.
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Figure 3: Two cross-shelf transects collected in July 2009 during the BENDIM3 cruise project. (White
circles indicate CTD cast locations and maroon circles indicate benthic lander sampling locations.)

Biophysical Model
STELLA Framework:
The effect of small changes in location and distribution of nutrients in the water column on
cellular growth and reproduction of K. brevis was tested using a biophysical simulation
model constructed with ISEE’s STELLA (Systems Thinking for Education and Research).
STELLA provides a graphical model-building interface to follow a single process, in this
case cellular swimming behavior, by visually defining causal relationships among model
parameters (Appendix 1). The underlying model equations are then built automatically. The
effect of variations in each parameter, as well as their relative importance for altering the
main process, can be compared by using incremental changes in successive modeling runs.
The power of the STELLA tool is to identify the effect of each individual factor on the
experimental process (sensitivity analysis) and thus progressively simplify the model. The
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graphical format then gives an intuitive understanding of how small changes in some factors
could result in important behavioral changes.

Cellular Model:
To regulate vertical swimming behavior and consequent exposures to light and nutrients
(Kamykowski & Yamazaki 1997, Yamazaki & Kamykowski 2000), the 1-D spatial model
relies on the calculation of internal pools of nutrients and photosynthate (Kamykowski et al.
1998). The change in vertical position at each time step is calculated using two factors: time
of day, governing vertical direction moved, and the current relative fullness of cellular C & N
pools, governing speed and thus distance moved per time step (for model details, see
Appendix 1). Using the division rate and the migration height away from the benthos as the
response variables, we determined the minimum thickness of a near-benthic nutrientenriched layer at depths from 20-60 m, the minimum [N] needed for each nutrient layer
thickness, and the importance of the nutrient distribution within the layer, for maintaining
benthically oriented behavior.

Modeled Water Column Trials
To determine the minimum nutrient distributions necessary to sustain a benthic population of
cells, a minimum cellular division rate was first selected, above which a population was
considered self-sustaining. Under nutrient replete conditions, K. brevis typically reproduces
by fission at a rate of 0.3 div d-1 as in our model. Division rates for K. brevis in numerous
studies have varied from 0.94±0.4 (Loret et al. 2002) to 0.05 div d-1 (Shanley & Vargo 1993),
but tests specifically for a minimum division rate in natural environmental conditions have
not been done. As potential populations of K. brevis surviving near the benthos may
encounter conditions that are both light- and nutrient-limiting during different hours of a diel
cycle, rates >0.07 div d-1 were conservatively considered sufficient to sustain the population
for the purposes of our experiments.
The minimum nutrient requirements for population persistence along the WFS were
determined by modeling the effects of nitrate/nitrite levels (ranging from 0.1-10 µM) on
division rate and the migration height up from the benthos. Enriched nutrient concentrations
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adjacent to the sediment-water interface were simulated and both the vertical extent of the
nitrate/nitrite layer from the sediment (the nutrient layer thickness) and the concentration of
the [N] within the layer were varied, using ranges of 1- 3 m for thickness, in 0.5 m
increments, and nutrient concentrations in the layer of 0.1, 0.5, 1, 2, 5, or 10 µM. Because
maximum near-benthic light levels diminish as the water column deepens offshore, each of
these nutrient concentrations was tested at depths of 20-60 m, using 10 m increments, in
conditions where 1% surface PAR uniformly penetrates to ~22 m across the modeled shelf.
All simulations were initialized with the dark-adapted, newly divided daughter cell
containing half of the carbon and nutrients of the parent cell: 45 pmol C and 10 pmol N.
The distributions of nutrients within the 1- 3 m thick near-benthic layers were also altered
from uniform concentrations to gradients that decreased (linearly or exponentially) with
increased distance from the benthos, using ranges of either 3-0.1 µM or 10-0.1 µM. Finally, a
randomly-varying nutrient concentration within the enriched layer was specified, using these
same two nutrient ranges, to mimic the effect of small scale turbulent advection from a
benthic nutrient source. The division rates and vertical migration heights were used to
determine the minimum nutrient concentration and maximum bottom depth at which a
population of K. brevis with benthic orientation could be sustained.

Mimicking Plankton: ABLE
ABLE Description:
The Autonomous Behaving Lagrangian Explorer (“ABLE”), designed by Dr. Tom Wolcott
(unpublished), is a biomimetic robotic drifter that senses in situ environmental stimuli (e.g.,
variations in PAR, pressure, salinity, or temperature) and can be programmed to respond to
these cues with vertical migration behavior like that of the planktonic organism of interest. In
the case of K. brevis, an ABLE bases its vertical migrations on continuous calculations of the
fulfillment of internal cellular needs under in situ conditions, and modulation of the
swimming velocity in a biologically realistic way.
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Quarry Deployment:
To assess whether vertical swimming behavior of K. brevis would remain benthically
oriented in response to changes in benthic nutrient sources under natural light conditions, 6
ABLEs were deployed simultaneously, with 3 replicate deployments, in a flooded rock
quarry (Rolesville, NC) for 6-12 days to span periods longer than the expected time to the
next cellular division. The light attenuation coefficient (k=0.26) was within the range found
in the GOM (k=0.04-0.4) and the water column depth (16 m) was only a few meters deeper
than the expected migration amplitude of K. brevis. The ABLEs logged the driving variables
(diel time, in situ light and temperature) and their responses to those drivers (their vertical
migration profiles, the calculated concentrations of nutrients they encountered, fullness of Cand N-pools, and “cellular division rates”.) The ABLEs were programmed to calculate
changes in their N and C pools based on in situ conditions, and modify vertical movement,
using the same formulas, parameter constants, and rules for division as in the STELLA
model. To prevent drifting into quarry walls, ABLEs were attached to rings sliding freely on
taut vertical cords.
To determine if, after upwelling has occurred offshore, the appearance of blooms is
behaviorally induced or a result of physical water processes, the ABLEs were programmed to
“encounter” one of two different nutrient regimes as they migrated downward. To simulate
benthic flux, the ABLEs were programmed to encounter 0 µM [N] in the water column and a
uniform concentration of 10 µM [N] extending 0.5 m from the sediment. To simulate the
upwelling conditions seen just before many blooms, ABLEs were programmed to encounter
0.1 µM [N] in the water column and an increasing concentration as a function of decreasing
temperature below 11 m. The latter was governed by [N] = Tm C – TC C, where C was the
cellular carbon content, TC was the water temperature below the thermocline (in Celsius) and
Tm was an arbitrary value above the maximum expected temperature at the top of the
thermocline. In the conditions in the quarry this resulted in a gradient of >0.1 up to a
theoretical maximum of ~6 µM [N]. The vertical migrations of ABLEs under simulated field
conditions were compared with output of computer models simulating the same conditions. If
a benthic nutrient source results in bottom oriented vertical migration of K. brevis (models or
16

mimics,) and a source of this sort sufficient to maintain growth in that benthically oriented
population is present in the GOM, then it could sustain a population of cells that could
subsequently seed a bloom under upwelling conditions.
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2.3 RESULTS

Water Column Sampling
Near-bottom Profiler:
Average near-bottom concentrations of NO3 /NO2 measured on the WFS in the GOM were
higher at the 40 m isobath, where light levels were ~3.2 % surface PAR, than at 30 or 20 m
isobaths, where light was ~8 % and 22% surface PAR, respectively. In near-bottom water
collected by our micro-samplers, NO3 and NO2 concentration varied from < 0.1 μM - 7 μM
with high variability between successive samples spaced at 10-20 cm intervals from the
bottom. No discernible gradient in nutrients with increasing distance from the benthos was
evident in the samples from any of the 2 m vertical transects. The average [N] at the 40 m
isobath was 2.129±0.15 μM, at the 20 m isobath was 1.376±0.17 μM, and at the 30 m isobath
was 0.93±0.15 μM. No data were collected at one of the three intended 30 m isobath sites,
and one of the three stations at the 40 m isobath was sampled twice at different times during
the cruise.

Nitrate/Nitrite [µM]

4

Nitrate/Nitrite Concentration on the West Florida Shelf: Benthic
Landers vs. Niskin Bottles
LATCHAT via Benthic Lander Vials

ISUS via Niskin Bottle
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Figure 4: The average nutrient concentration measured at 3 different isobaths using a benthic lander
during the BENDIM3 cruise in July 2009, compared with samples collected via Niskin and analyzed on
ship using an ISUS.
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CTD Sampling:
Average [N], using ISUS-analyzed Niskin water samples from vertical profiles along two
cross-shelf transects (Figure 5E) put the nutrient distributions into the context of the whole
water column (Figure 5A) and showed a pattern similar to that found in the benthic lander
samples from the bottom meter of the water column (Figure 4): <0.3 µM at the 20 m, 1.5 µM
at the 30 m, 0.89 µM at 35 m, 3.4 µM at 40-50 m, and 6.2 µM at 60 m. Although these
measurements were not identical to the average values from the benthic landers, they fell
well within the range of individual lander samples for each isobath. The upper bound of the
near-benthic nutrient layer could not be determined precisely from Niskin samples, but the
layer seemed to increase in both thickness (Figure 5A) and [N] (Figure 5F) as bottom depth
increased, from 2-5 m and 1.54 µM in the bottom 2 m at the 30m isobath to >15 m and 8.92
µM in the bottom 2 m at the 65 m isobath. Between 20 to 35 m isobaths, in vivo fluorescence
chlorophyll a (Figure 5C and G) levels (indicating phytoplankton biomass) were 1-4 μg L-1
near the benthos. From the 40 to 65 m isobaths, Chl a levels were <0.7 μg L-1. The calculated
Brunt- Väisälä frequency (Figure 5D) maximum, along with temperature and salinity
gradients, indicated a stratification of surface and deeper water typical of non-bloom periods.
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Figure 5: Two cross-shelf transects conducted in July 2009 on the BENDIM3 project cruise. The nutrient
profile, surface PAR attenuation, chlorophyll a, and the Brunt-Väisälä frequency were plotted against
depth. Chlorophyll a and PAR were also plotted against nutrients. (Section distance is the distance along
the transect, beginning near shore on the western leg, moving offshore to the farthest sample point, then
returning near shore along the eastern leg.) Graphs of this type generated using ODV (Schlitzer 2014).

Biophysical Model
The STELLA model was used to determine, for various nutrient layer thicknesses, the
minimum nutrient concentration needed to sustain the minimum growth rate allowing
persistence of a population (Figure 6) using a representative, species-specific nutrient uptake
capability. When k=0.1 m-1 with a uniform layer of enriched nutrients near the benthos,
growth rates of 0.07 div d-1 were not sustained at depths below 50 m for any of the tested
concentrations and nutrient distribution profiles. Population growth occurred with nutrient
concentrations ≥0.5 µM for depths ≤50 m (when >0.7% surface PAR reached the sediment)
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if nutrients extended through a 3 m layer from the benthos. If nutrient concentrations were ≥1
µM throughout a nutrient layer ≥ 1.5 m thick, growth occurred as deep as 45 m (1.1% surface
PAR at the sediment). Growth was sustained at 50 m by a nutrient layer with this same 1.5 m
thickness, but only if the concentration throughout was ≥5 µM, a concentration rarely
observed on the oligotrophic GOM shelf other than in a study conducted in conjunction with
this one (McCulloch et al., 2013). A growing population was not maintained when bottom
depth was 60 m (0.25% surface PAR) unless the nutrient layer extended ≥6 m from the
bottom.

Nutrient Layer Thickness [m]

Lowest Concentration Resulting in Cellular Division rates >0.07
per Day for Nutrients Extending 1-3 m from Benthos
3
2.5
2
1.5
1
0

2

4

6

8

10

12

N Concentration [uM]
20 m / 13.5% PAR

30 m / 5% PAR

45 m / 1.1% PAR

50 m / 0.7% PAR

40 m / 1.8% PAR

Figure 6: The minimum nutrient layer thicknesses and nutrient concentrations that resulted in cellular
division for 5 different bottom depths when k=0.1, a value typical for the West Florida Shelf in the Gulf
of Mexico.

When the nutrient concentration within the enriched layer was either a linear gradient or
randomly varying between 0.1 – 10 µmol nitrate/nitrite (Appendix 1), the growth rates were
similar to those in a uniform layer with the same average nutrient concentration (Figure 7).
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At the 30 m isobath, for example, where light was 5% surface PAR, the growth rate
increased with each increase in average nutrient concentration within a 1 m thick nutrient
layer regardless of whether the distribution was constant, linearly decreasing, or random. As
the thickness of the nutrient layer increased at this depth, the division rate differed by only a
day between different nutrient distributions. When light levels near the benthos were 0.7% of
surface PAR, as at the 50 m isobath in our model, growth above the 0.07 div d-1 threshold
occured in an enriched layer with uniform [N] when it was ≥1.5 m thick, but needed to be ≥2
m thick if [N] was variable as it appears to be in nature based on the water sample data. At 60
m, where light is 0.25% surface PAR, the population did not have enough light to maintain
benthic orientation and instead migrated upward, becoming a surface-oriented population.

Figure 7: STELLA simulated K. brevis growth rates when exposed to a variety of nutrient distributions
and bottom depths.

To determine causal relationships on growth rate when [N] had little independent effect,
growth rate was analyzed in a multivariate matrix for correlations with the hours per day that
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our modeled phytoplankton were exposed to both light and nutrients, depth (along with the
corresponding light exposure), the thickness of the nutrient layer, the concentration of the
nutrients, and the distribution pattern of those nutrients (with a general relationship shown in
Figure 8). The strongest correlation (Figure 9) for constant nutrient concentrations (0.74) was
between the growth rate and time spent within a nutrient rich layer. Weaker correlations
existed between growth rate and nutrient layer thickness (0.50) and bottom depth (-0.70) but
not [N] (0.23). If linearly decreasing and randomly distributed concentrations were included
in the comparison for the 20-50 m isobaths, then the linear concentrations showed the
greatest correlations, 0.66 and -0.66 for nutrient layer depth and bottom depth respectively,
whereas nutrient exposure time lost significance since it did not differ between the two
different concentration profiles. For randomly distributed concentrations, the effect of bottom
depth became the primary corollary with division rate (-0.75) followed by nutrient layer
depth (0.52).

Figure 8: An ellipsoid that contains the majority of the data and demonstrates the general relationship of
the cellular division rates to the nutrient layer depth and bottom depth.
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Figure 9: A correlation matrix of modeled Karenia brevis populations in STELLA, showing the
correlation between the minimum values of several parameters that resulted in population sustainability
by comparing growth rate (div d-1) to the minimum values for [N], light exposure (bottom depth),
nutrient layer thickness, and hours exposed to nutrients per day.
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Mimicking Plankton: ABLE
Nutrient Effects given Natural Light Changes:
Benthically oriented migration occurred for multiple ABLE devices under natural light
conditions in a quarry when we compared deployments of 8 ABLEs sensing upwelled
nutrients to 6 ABLEs detecting a thin near-benthic nutrient layer (Figure 10). When nutrients
were available only within 0.5 m of the bottom of the quarry at 10 μM concentrations, cells
remained benthically oriented with a diel vertical migration (DVM) centered around an
average depth of 12.8 m during the cellular lifespan and a predicted average depth of 13.4 m
using the assumption that cells continued to accumulate photosynthate and nutrients with the
same levels of nutrient and light exposure until cellular division. ABLE deployed with the
temperature-dependent upwelled nutrient scenario, with low levels of nutrients throughout
the water column and an elevated concentration in the bottom 5 m of the water column, had a
DVM with an average depth of 8.9 m, and several units reached the surface after the first
“cellular division”. Those “cells” had a net positive uptake of nutrients throughout the water
column from the background 0.1 µMN concentration, causing the units to migrate upward to
within 4 m of the surface and to utilize only the top of the deep nutrient-enriched layer.
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ABLE-Simulated Vertical Migration and Cell Division in a 17 m
deep Rock Quarry: Upwelled vs. Near-benthic Nutrient Layers
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Figure 10: Comparison between vertical migrations of ABLE biomimetic robots in a 17 m rock quarry
under both severe nutrient limitation and nutrient conditions indicative of upwelling, revealing responses
resulting in either surface or benthically oriented vertical migration.

Population Persistence:
Growth rates calculated by ABLEs in the 5 m thick, low-concentration nutrient scenario
averaged 0.23 div d-1 and “cell division” often occurred twice in the course of the
deployment (Figure 11). In the 0.5 m thick nutrient layer scenario, only one of the
deployments resulted in cells that did not divide within the 0.07 div d-1 threshold.
Deployment durations were shorter than cellular division times for ABLEs simulating a nearbenthic nutrient layer, so the division rate and time of exposure to nutrients were projected
based on a predictable level of exposure to light and nutrients for each deployment.
Incorporating the light attenuation, depth, and nutrient scenarios into the STELLA model
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resulted in an average depth of 11.9 m for the benthic scenario and 9.46 m for the upwelled
nutrient scenario, with growth rates and vertical behavior similar to the ABLE profiles. The
ABLEs mimicking dinoflagellates in the quarry spent less time in the benthic nutrient layer
than model dinoflagellates in the equivalent STELLA scenario; the sensors used in nutrient
calculations detected a nutrient exposure time of only 1.9-3.1 hrs d-1 during the quarry
experiments. In addition, two of these benthically oriented ABLEs malfunctioned because
the sensor upon which the nutrient calculations depended did not operate as designed,
causing them to have an artificially low “nutrient uptake” period. A simultaneous light sensor
malfunction on one of these ABLEs caused the simulated cellular respiration to exceed cell
resource “uptake”, so the cell had a net loss of cellular resources during deployment. These
data were not excluded, unlike those from the other units that failed to operate as
programmed through hardware failure, because they demonstrate the effect of extreme
nutrient limitation on growth and migration. Difficulties arising from malfunctions were a
natural hazard of using prototypes of an instrument still under development.

Average Migration Depth vs. Division Rate of ABLE Deployments
in Quarry
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Figure 11: Comparison between simulated K. brevis cells in a 17 m deep quarry using ABLE biomimetic
robots and a STELLA simulation of the same nutrient and light conditions. Nutrient scenarios were
typical of a stratified water column in summer, and of upwelling in fall.
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2.4 DISCUSSION

Population Persistence
Multiple theories have been proposed for the formation and sustainability of offshore
Karenia brevis blooms, but little focus has been placed on how and where the cells that act as
seed populations for blooms are subsisting during non-bloom periods. Based on the behavior
of K. brevis in our STELLA model and with ABLE in our quarry experiments, we suggest
that the presence or absence of a near-benthic subpopulations could be governed by the
distribution of nutrients within the lower region of the water column. In a system with
nutrients randomly distributed within a near-benthic layer, near-benthic light levels are the
primary factor regulating division rate; if nutrients decrease linearly away from the sedimentwater interface, the nutrient layer depth and near-benthic light become equally important; and
if nutrient levels are constant throughout a near-benthic layer, the time a cell spends within
the nutrient layer is the strongest predictor of growth.
On the coastal shelf of Florida in 2009 during July, a month when blooms are uncommon,
[N] in the GOM exceeded levels required in models for populations of benthically oriented
K. brevis to subsist. At a bottom depth of 50 m, for instance, the STELLA model showed that
a population could persist given a benthic nutrient layer ≥3 m thick that contained [N] ≥0.5
µM. Under these same light attenuation conditions in the GOM, we measured a layer
containing ≥0.5 µM [N] extending to at least 15 m from the benthos. In general, nutrients
near the benthos extended farther from the sediment as bottom depth increased beyond 35m.
Shallower than 35m, near-bottom concentrations averaged between 1-2 µmol, with the
lowest values occurring between 30-35m isobaths in both the benthic lander and Niskin
bottle samples. Chlorophyll a profiles also showed an increase to as much as 3.0 µg L-1
between 30-35 m, coinciding with the decrease in [N] near the benthos, indicating that the
decrease in [N] is likely to be biologically related, perhaps through utilization by
phytoplankton species other than K. brevis. K. brevis cells did not dominate the
phytoplankton biomass in this region, as expected from their relatively slow growth rate
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under nutrient-replete conditions (Walsh et al. 2001), but were instead found near the benthos
below the 10% surface PAR threshold, at bottom depths of 35 m to the end of the transect at
65 m (McCulloch & Kamykowski 2013, Kamykowski et al. 2013).
Near-benthic nitrate and nitrite appeared to be less available as a solely near-benthic layer
along this same transect during the summer-fall transition, when mixing events typically
occur and blooms are frequently detected (Figure 12). During that BENDIM2 cruise in Oct
2008, [N] in Niskin bottle samples showed a distribution between 1.48 – 1.89 µM throughout
the water column after the passage of the wind event. Light sufficient to saturate growth in
dark adapted cells penetrated to an average of 17.4 m (k=0.29), and STELLA simulations
performed with this light attenuation value suggested that for bottom depths ≥26 m,
populations would persist only if sub-euphotic zone nutrients extended to within 4 or 5 m of
the region into which light can penetrate. High light attenuation made formation of benthic
subpopulation unlikely according to our model, because when isobaths were deeper than
20m, populations either became surface oriented due to light limitation or did not attain the
minimum growth rate.
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Figure 12: Comparison of two cross-shelf transects near Destin, FL collected a few days apart during
October 2008. They show the changes in water column structure, distribution of phytoplankton biomass,
and nutrient concentrations before (top four panels) and after a wind event (bottom four panels.)

Contrary to these indications, gyroxanthin-containing dinoflagellates, a group which includes
K. brevis, were detected near the benthos along these same transects in significant numbers,
not only near the 20 m isobath as predicted, but also in lower numbers near the benthos down
to 50 m (Grabowski 2010). A partial explanation is offered by the ability of K. brevis cells to
migrate into interstitial spaces between sediment grains (Sinclair & Kamykowski 2008),
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where higher nutrient concentrations may be available (Sinclair et al. 2006b). K. brevis also
has the ability to utilize organic forms of N (Wilson 1966) with higher growth rates than
when using inorganic forms (Shimizu et al. 1995), for low light conditions showing a > 2 to
3-fold increase in maximum uptake rates over [N]: 0.77 ( NH4+) and 0.51 (Urea) as opposed
to 0.20 pmol N cell-1 hr-1 for NO3- (Sinclair et al. 2009). On the October 2008 cruise, an
average of 27.4 µg L-1 NO3- and 190.4 µg L-1 NH4+ were detected in 0.5 cm deep porewater
samples collected at one sampling site (Sinclair, pers. comm.) Another factor that may
contribute to persistence of K. brevis under severe nutrient limitation is that it also can
enhance its dark uptake of N to nearly daylight rates subsequent to low-nutrient exposure
(Sinclair et al. 2006a). Furthermore, when a K. brevis cell near the benthos receives less
(Sinclair & Kamykowski 2006) than the compensation irradiance of 0.3% surface PAR
(Shanley 1985, Shanley & Vargo 1993), it may become phagotrophic; mixotrophy has been
suggested or detected in numerous other dinoflagellate species (Stoecker 1999). Such
additional nutrient sources and changes to uptake rates could be included to strengthen the
realism of future models.
Benthic lander samples did not reveal a nutrient gradient above the sediment that could cue
oriented swimming responses (as observed in other dinoflagellates; Ikegami et al. 1995).
Instead, they indicated patchiness of nutrient availability, with [N] changing by as much as
4.6 μmol over a 10-20 cm depth increment. If these conditions are typical for the GOM, then
K. brevis cannot be relying on a “nutrient taxis,” swimming directionally in response to a
gradient. A K. brevis cells’ individual migration responses to encounters with this patchy
nutrient distribution may partially explain their nocturnal dispersion throughout the lower
water column, rather than concentration in a discrete layer near the benthos as would be
expected from a tactic migration response to a gradient. . The patchiness of [N] was not
detected in the samples collected via Niskin bottles from CTD casts, probably due to the
averaging effects resulting from the much larger size of the bottles and the mixing effect
from the vertical motion of the rosette during collection. Growth rate in our STELLA model
did not correlate significantly with a patchy distribution of nutrients within the near-benthic
layer (the “random distribution” case,) so our model predictions remain unchanged.
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Benthic vs. Surface Orientation of Migration
For a potential near-benthic seed population to be maintained, nutrient limitation and a nearbenthic nutrient supply within reach of accessible light, are expected to define, respectively,
the nearshore and offshore extents of the habitable range of this subpopulation. In these
experiments, the simulated dinoflagellates were not programmed to migrate with any explicit
reference to the bottom; instead, they maintained that benthic orientation by swimming
behavior modulated solely by relative internal levels of photosynthate and nutrients (C and
N) required for growth. In our quarry simulation of a nearshore environment, we compared
the reaction of K. brevis cells to two different sets of environmental conditions: nutrients
restricted to a thin layer near the benthos, such as might be encountered during summer
months in a stratified water column, and diffuse nutrients extending well up into the water
column, such as might be encountered during the onset of upwelling in the fall. While the
simulated K. brevis cells remained in the lower part of the water column if nutrients were
restricted to the bottom 0.5 m, this extreme nutrient limitation resulted in neither cellular
division (within our threshold of 0.07 div d-1) nor (consequently) population maintenance.
Even using average rather than extreme nutrient conditions for this season, dinoflagellates
grow 1/3 as fast as many other species of co-occurring phytoplankton (van Dolah &
Leighfield 1999, Walsh et al. 2001), so are not well suited to outcompete them in this
nearshore region. At the other extreme, in offshore water when light levels fell below their
minimum carbon uptake threshold, the ABLE migrated higher into the water column.
Although a surface nutrient source was not included in ABLE programs, as in the STELLA
model a subsequent encounter with any nutrient source near the surface caused the
migrations of simulated K. brevis cells to become surface oriented.
The appearance of K. brevis blooms, originating 18-74 km offshore (Steidinger 1975), may
be related to a transition of a near-benthic population to surface orientation as the nutrient
conditions make a seasonal transition between states similar to the extremes tested in our
quarry experiments. The unpredictability of these bloom occurrences may be related to the
high variability in the potential available near-benthic “habitat” due to light attenuation. Our
seed population in the STELLA model persisted at bottom depths of at least 50 m when
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k=0.1 m-1 as it was in July 2009; this isobath occurs 26-145 km offshore, depending on the
location along the WFS. Conversely, when k=0.29 m-1 (as it was in Oct 2008) was used in
the model, the 1% surface PAR penetrated to only 17.4 m, so populations with a 2 m thick
nutrient layer could survive to only 26 m bottom depths, or 4-35 km offshore. If a minimum
of 3.5 hrs of time spent in a high nutrient region is required for growth during a downward
migration, as in our STELLA model, we can determine that the 1% surface PAR must be
available within ~9 m of a high-nutrient near-benthic layer for cells to maintain a growth rate
above 0.07 div d-1. Benthically oriented cells carried with bottom water could encounter a
broad range of conditions in the shelf of the GOM, so being able to survive in very limiting
conditions may be a critical advantage for K. brevis. Populations near the benthos can persist
for several generations if transported into low-light strata. When transported onshore into
nutrient rich, shallower, higher-light waters, surviving cells might later seed a bloom if they
accumulate in frontal regions (Liu et al. 2001a, Janowitz & Kamykowski 2006).
While surface oriented K. brevis populations are well studied and a near-benthic
subpopulation also has considerable evidence to support it, an additional third type of
midwater subpopulation may exist in deeper offshore water, with different implications for
transport based on water column position. Aside from the near-benthic concentration, an
additional elevated concentration of gyroxanthin-containing dinoflagellates was measured
~12 m above the sediment when the bottom depth (42 m) was well below the euphotic zone
(Grabowski 2010). Similar aggregation at mid-depth was also noted in the STELLA model;
in cases where near-benthic light became too limiting for growth but nutrients were also
limiting, some cells moved up into the mid-water column and migrated between low light at
the bottom of the euphotic zone and the top of a diffuse nutrient-enriched layer extending
several meters up from the benthos.
We suggest blooms can form when a subpopulation that has persisted deep in offshore shelf
waters maintains a benthic-oriented DVM while being carried toward shore, with the deep
water, under upwelling conditions. For a bloom to form and be transported shoreward, the K.
brevis cells must increase in number with each successive generation, and the water layers
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through which they are migrating must be moving shoreward. As this subpopulation moves
shoreward into shallower waters with lower near-benthic nutrients and higher light, the
migrational pattern will change from benthic- to surface-oriented near shore, exposing the
cells to higher near-surface nutrients (Franks 1992), K. brevis cells will increase their growth
rates in response to simultaneous exposure to both high nutrients and light exposure, may
then be hydrodynamically accumulated in frontal regions (Janowitz & Kamykowski 2006),
and become a bloom. As the nascent bloom moves into the surface water, it becomes
detectable by satellite and conventional sampling techniques.
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2.6 APPENDIX A

STELLA model formula and parameter definitions.
The carbon content of a K. brevis cell ranges from 36-90 pmol (Heil 1986) and the cellular
[N] exclusive of protein ranges from 5-20 pmol, derived by subtracting protein from the
measured 6.32-23.30 pmol [N] cell–1 (Kamykowski et al. 1998 as in Liu et al. (2001b)),
which is within the range of 3.3-15.4 pmol [N] cell–1 reported by Heil (1986). In our model, a
newly divided daughter cell receives half of the maximum carbon pool (45 pmol) and
nutrient pool (10 pmol.) Because dinoflagellates divide at species-specific times of day
(Berdalet et al. 1992), and K. brevis has been observed dividing a few hours prior to sunrise
(Kamykowski, pers. comm.), cellular division in our model took place at 3 AM, as in a
previous biophysical model (Liu et al. 2001a)
The depth of the cell at time (t) is
Depth(t) = Depth(t - dt) + (CellNU - CellCU - zLim) * dt
where CellCU is the ascending swimming speed
CellCU = (1.4- (CellC/CellCMax)) m hr–1 } 12AM-12 PM, else 0
CellNU is the descending swimming speed
CellNU = (1.4- (CellN/CellNMax)) m hr–1 } 12PM-12 AM, else 0
and zLim reduces the swimming speed once the sediment-water interface is reached to limit
the ability of the cells to migrate into the interstitial spaces in the sediment (Sinclair &
Kamykowski 2008) during descent. CellC and CellN are the internal concentrations of carbon
and [N] at time t. CellCMax and CellNMax are the maximum internal concentrations of carbon
and [N] needed for cellular division. Swimming speed will decrease as a cellular pool fills,
from 0.9m hr–1 to 0.5m hr–1 as the cellular pool reaches maximum capacity. The cell swims
upwards faster than downwards if it requires more carbon from photosynthesis than nutrients.
A large nutrient deficit will make downward migration faster than upward migration;
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therefore nutrient depleted K. brevis will remain low in the water column for longer periods
of time than nutrient replete cells (Liu et al. 2001b). In this model, division produces two
identical daughter cells when both the nutrient and carbon pools become at least 90% full
simultaneously (Kamykowski et al. 1998).
The internal cellular carbon content, CellC, is
CellC(t+1) = [CellC(t)+ CellC(t)Uptake - CellC(t)Resp ] *dt
with an uptake rate determined by Michaelis-Menten kinetics
CellC(t)Uptake = [(Clm*Iz)/(Ki+ Iz)]*dt
where CIm is the maximum carbon intake rate of 2 pmol C hr-1 cell-1, calculated from the
uptake needed to refill the C pool (halved at division) by fixing 45 pmol carbon using a
typical expected light exposure of 8 hrs d-1 over the 3 day cell cycle typical for the Wilson
clone of K. brevis in a nutrient-replete environment (Shanley & Vargo 1993). This is net
photosynthetic rate, encompassing dark respiration and carbon loss due to protein synthesis.
Ki is the light half saturation constant of 50 µmol quanta m-2 s-1, indicating a dark adapted K.
brevis cell and midrange between 31 and 67 µmol m-2 s-1 (Magana, 2006)), and Iz is the
vertical light intensity gradient in the water column, determined using Beer’s law of light
attenuation
Iz = Ioe-kz
where z is the cell depth (m) from the surface, Io is the incident light at the surface, and k is
the a typical attenuation coefficient for the Gulf of Mexico of 0.1(m-1) as in Yamazaki &
Kamykowski (2000). In this model, Io was a sinusoidal function with all negative values of
the sine wave interpreted as 0. Cellular respiration was calculated assuming a 5% loss, e.g.
(Williams et al. 2004) as
CellC(t)Resp = [0.05* Clm]*dt when Io < 0,
The total internal nutrient content of a cell at each time step, CellN, is
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CellN(t+1) = [CellN(t)+ CellN(t)Uptake - CellN(t)Leakage ] *dt
with uptake governed by the Michaelis-Menten equation:
CellN(t+1)Uptake = [(VMNO3*NO3)/(KNO3+[N])]*dt
where KNO3 is the nitrate half saturation constant for nutrients, VMNO3 is the maximum
nutrient uptake, defined below, and [N] is the external nutrient concentration that we are
varying in this experiment. This model uses KNO3 of 0.4 µM [N], a value between those of
two clonal isolates, 0.42 µM NO3 (Steidinger et al. 1998) and 0.39 µM NO3 (Sinclair, pers.
comm.), both for cell populations grown in low light. Laboratory-determined values for the
maximum nutrient uptake were not available at the time of this study, so we modulated the
uptake rate as a function of the internal nutrient concentration using a simplified version of
the equation developed by Liu et al. (2001a), which generates a linearly decreasing nutrient
uptake rate that should fill the cellular pool in three days under nutrient replete conditions for
a variety of initial nutrient conditions.
VMNO3 = 0.6* exp(-.01*CellN) when Iz >0 [LightUptake]
= 0.3* exp(-.01*CellN) when Iz ≤ 0 [DarkUptake]

and

It should be noted that because these cells were encountering nutrients only near the benthos
at the lower bound of their downward migration, which occurred at night, the VMNO3 value
was always calculated from the DarkUptake equation, which is expected to be more
conservative than the true uptake rate in low-nutrient conditions (Sinclair et al. 2006a). The
cellular leakage rate,
CellN(t)Leakage = (((VMNO3*.1)/(KNO3+.1))*0.5) *dt
was calculated as 50% of the uptake rate at a nutrient concentration of 0.1 µM NO3 to
account for the fact that growth is not known to occur in nutrient concentrations below 0.1
µM.
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Chapter 3: Horizontal Transport of a Benthically Oriented, Vertically Migrating
Phytoplankton Population

3.1 BACKGROUND
Where and how blooms of the dinoflagellate Karenia brevis form in the Gulf of Mexico is of
interest because of their negative impact on the increasingly densely populated coastal areas
of western Florida (Kirkpatrick et al. 2004). Neurotoxins associated with Karenia brevis cells
cause respiratory distress in humans (reviewed in Kirkpatrick et al. 2004) neurological
damage (Nam et al. 2010) and mass mortalities of many marine species (Steidinger & Ingle
1972, Steidinger 1983) as well as loss of fisheries stock and mass mortality through ingestion
of contaminated tissues from filter feeders (Steidinger & Haddad 1981). Blooms appear to
form at the surface faster than could be accounted for by maximum growth rates of this
species (Stumpf et al. 2008), suggesting that the cells are aggregating from another area
during the bloom initiation period; this prompted us to analyze the probability that a nearbenthic subpopulation of K. brevis could survive throughout the year and become the
“seeding” cells for these sudden bloom appearances. Blooms of K. brevis can form by
accumulation of cells in frontal regions (Janowitz & Kamykowski 2006) after they have been
transported towards shore in upwelling, but the mechanism for survival and persistence of the
necessary seeding population during times or locations where blooms are not occurring in the
Gulf of Mexico (GOM) is unknown.
Karenia brevis blooms often form after upwelling events, which transport subsurface water
towards shore, suggesting that a population of cells that could subsequently seed blooms may
be surviving offshore near the benthos (Sinclair & Kamykowski 2006). The surface blooms
(> 104 cells L-1) appear to form offshore (Steidinger 1975, Tester & Steidinger 1997), in a
region where water is typically oligotrophic (<0.1 µmol N) and presumably supports only
slow growth of phytoplankton (Hecky & Kilham 1988). Survival in this region is possible,
however, if the K. brevis cells are subsisting near the benthos, as was shown as possible both
in models (Chapter 1) and with observations of live cells near the benthos (ECOHAB cruises,
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Grabowski 2010). If nutrients are fluxing from the sediment (Sinclair 2008), the low halfsaturation rate of K. brevis (Ks= 0.06-1.07 µmol N) (Steidinger et al. 1998, Bronk et al. 2004)
could sustain growth of Karenia brevis, whereas the low light would inhibit potentially
faster-growing competitors like diatoms. Red tide blooms commonly form in the fall along
the WFS, when upwelling favorable conditions are likely (Weisberg & He 2003). K. brevis
cells near the benthos would transported shoreward by upwelling, become concentrated in
frontal regions (Janowitz & Kamykowski 2006, Walsh et al. 2006) and lead to subsequent
surface bloom formation.
In order for Karenia brevis blooms to develop from a subpopulation of cells persisting near
the benthos (Chapter 1), light would need to be accessible throughout the year within vertical
migration distance of an available nutrient source. To achieve this requires cells to either be
retained in nearshore water or for nutrients to extend farther from the bottom offshore to
permit survival at midwater depths. K. brevis cannot affect their horizontal position except
indirectly through vertical swimming, often with a migrational amplitude averaging 12
m/day, and changes in this amplitude and the maximum depth attained are regulated
internally as demonstrated in models according to a relative need for organic carbon (C) from
photosynthesis and nutrients (N)(Kamykowski et al. 1998, McKay 2004). We used
biomimetic migrating drifters to determine if K. brevis limited by nutrients and light
simultaneously would maintain migrations that would result in both population survival and
transport with the bottom water. If so, light attenuation and bottom water velocity alone
might be sufficient as predictors of sites likely to support “seed populations” prior to
formation of blooms.
Offshore blooms do not occur uniformly along the coastline of the Gulf of Mexico; we
propose that this is attributable to a similarly non-uniform distribution of suitable nearbenthic habitat for these seed populations. To persist, K. brevis populations must be retained
in a region that allows both nutrient uptake and photosynthetic activity in the same diel
vertical migration [DVM] cycle for up to ~13 days (Shanley & Vargo 1993). Light
attenuation in the GOM typically varies with distance from shore and with season from 0.04-
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0.4 m-1 (Schaeffer et al. 2011). Blooms often initiate on the shelf in regions that are 18-37 m
deep, 18-74 km offshore (Steidinger et al. 1998), but near-benthic habitats suitable for seed
populations extend farther offshore, with models indicating that cell populations can subsist
at >50 m (Chapter 1) in conditions where light attenuation is k=0.1 m-1. The bottom currents
along the deep shelf in the GOM are often alongshore (Carlson & Clarke 2009), running
roughly parallel to isobaths during non-bloom periods. If adequate nutrients and light are
available for vertically migrating K. brevis, the population will continue to survive as the
cells are transported along the shelf and could eventually seed a bloom when advected
onshore under the right initialization conditions. We identified offshore locations in the
GOM with distinct water mass characteristics that were in proximity to sites onshore with
unusually high bloom occurrences (FWRI database) in comparison to surrounding areas. We
used satellite measurements to infer photosynthetically active radiation levels near the
benthos in the GOM identified locations where seed populations could be surviving in nonbloom periods.
Regions on the outer shelf where exchange between shelf and offshore waters is minimal
may contribute to retention of a population of near-bottom dinoflagellate cells on the shelf.
Cells being moved by predominantly alongshore currents throughout the year would remain
at relatively constant bottom depths on the midshelf over multiple generations before being
advected into a shallower nearshore region sporadically during an upwelling event. Regions
of high cross-shelf transport throughout the year would “flush” these near-benthic
populations out into the deeper Gulf where they would become part of surface- or midwateroriented populations that are beyond the scope of this study. Bloom “hotspots” e.g. the
southern end of the WFS in the Charlotte harbor region of the GOM (Tester & Steidinger
1997) might be where onshore transport of bottom water commonly occurs from sites that
sustain long term near-benthic survival of K. brevis cells. The Charlotte Harbor region
corresponds roughly to the “forbidden zone” (Yang et al. 1999) or “exclusion zone” (EZ)
where drifter studies have revealed a hydrodynamic barrier to transfer of particles between
the shelf and offshore waters (Olascoaga et al. 2006, Olascoaga 2010) Two other sites of
high bloom occurrence near Texas (Tester & Steidinger 1997) roughly correspond to the low
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mixing areas on the Yucatan shelf and Louisiana-Texas shelf (Olascoaga 2010). The less
frequent blooms on other parts of the WFS could be seeded by sporadic longshore transport
of bottom water from this EZ. We compared bottom current direction, in regions identified as
having sufficient light for near-benthic survival, at 3 sites along the FS, using a hindcast
current model (SABGOM N/F; R. He & Z. Xe, pers. comm.) Using 6 years of weekly
(historical) bloom occurrence records from the FWRI database for confirmation, we assessed
the possible retention of near-benthic K. brevis populations in a habitat suitable for long term
population sustainability and subsequent transport towards shore, as well as whether this
water was sometimes seasonally transported northward alongshore to seed blooms at the two
more northerly sites.
Hypothesis: The existence of bloom “hotspots” in the GOM on the Florida shelf is due a
an interaction between bottom-oriented swimming behavior in reaction to light and
limiting nutrients, with currents that retain the population in deepwater regions on the
WFS favorable for access to both these cellular requirements.
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3.2 METHODS
To determine if metabolically modulated vertical migration in situ would result in transport
with bottom water, multiple Autonomous Behaving Lagrangian Explorers (ABLEs) were
deployed in the Gulf of Mexico to behave like, and thus be transported like, vertically
migrating dinoflagellates. These prototype ABLE drifters measured the immediately
surrounding environmental conditions, then calculated the resulting accumulation of the
primary two cellular requirements, carbon and nutrients (Kamykowski et al. 1998). They
used the results to simulate planktonic behavior by modifying vertical migration speed, and
thus vertical position, relative to internal state. The two sites, selected opportunistically, had
bottom depths of ~26 m near Destin, FL (29.994 N, 86.167 W) and 12 m near Sarasota, FL
(27.298 N, 82.641 W). Deployments near Destin took place in October 2008 and July 2009,
and near Sarasota, in May 2006. During deployments of 6-24 h (dependent on availability of
boats,) vertical behavior and horizontal displacement were used to extrapolate the total
horizontal transport that would have taken place during one cell cycle for a population of K.
brevis exhibiting that behavior.
At two sites on the Florida shelf in the GOM, ABLEs were programmed to behave as newly
divided, dark-adapted, nutrient-poor cells, according to known laboratory behaviors of cells
(Kamykowski et al. 1998) and modeling results from previous related experiments (Chapter
1.) They were expected to maintain both benthic orientation and a calculated growth rate
sufficient to reach cellular division. Each ABLE recorded depth, temperature, light, and the
continuously calculated internal cellular levels of carbon and nutrients, as well as GPS
positions obtained during brief excursions to the surface scheduled at 4 hour intervals.
Nutrient levels were simulated; each ABLE kept track of bottom depth by sensing contacts
with the sediment, and calculated nutrient uptake on the assumption that there was a nearbenthic nutrient-enriched (10 µM) layer extending 1 m from the bottom, and zero nutrients
elsewhere in the water column. To relate the vertical motion of the ABLE to the probable
trajectory in the horizontal plane, the (probably curved) path followed by the drifter between
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GPS fixes was interpolated between each pair of consecutive GPS positions (using spline fit
curves and assuming constant speed) and mapped onto the vertical migration data to create a
3 dimensional representation (e.g., Figure 1.)
To compare the transport of the ABLE devices with velocities of bottom currents and
probable nutrient distributions during the deployment times, a Pacific Gyre SVP Lagrangian
drifter or Brightwaters Davis CODE drifter was deployed simultaneously with each set of
ABLEs, with the drogue centered at the expected average depth of a bottom-oriented diel
migration. In addition, current velocity was recorded during drifter deployments, using
Acoustic Doppler Current Profilers (ADCP.) Currents were recorded during 2008 using an
RDI Workhorse monitor ADCP with 0.5 m vertical bins as well as with a ship mounted
ADCP on the R/V Pelican in both 2008 and 2009. For the Sarasota deployment in 2006,
current data from the “C15” buoy-mounted ADCP at the release site were provided by Dr. R.
Weisberg at the University of South Florida (pers. comm.) To reveal the vertical structure of
the water column and thus likely nutrient distributions near the benthos (Chapter 1), CTD
casts were conducted during the deployments using a Sea-Bird SBE-9+ along the paths of the
drifters throughout the deployments.
To determine where K. brevis populations would be transported during one cellular lifespan
as well as whether cells would survive to the next generation, we first extrapolated the
cellular division rate from the drifter deployment data. We used both the light attenuation
from those deployments and the nutrient profiles (measured directly in Destin and indirectly
in Sarasota) in a biophysical simulation (STELLA) model of K. brevis cells (Chapter 1). This
model incorporated vertical migration speeds modulated by internal cellular requirements for
nutrients and carbon using the same equations as in the ABLE devices, and modeled the
resulting vertical migration profiles and growth rates for individual phytoplankton cells
(Chapter 1). The total transport distance and the projected location reached when the cell
divided were extrapolated using the model-derived cellular division rate to extend the path of
the ABLE deployment, while assuming both over-the-bottom speed and direction of the
ABLEs remained constant until cellular division was attained.
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A K. brevis cell might encounter significant changes in bottom depth over the distance it
could be transported, and thus changes in light and nutrient exposure. Whether such a
benthically-oriented cell could subsist on the Florida shelf throughout the year was assessed
by examining changes in light attenuation in the GOM over a six year period at three sites
(Table 1.)
SeaWiFS satellite data was processed through SeaDAS (Schaeffer, pers. comm.) from 19982009; this was pooled into 8 day “satellite week” averages to correspond with common
practice for satellite-derived data, which we will hereafter refer to as “weeks” for
convenience. Examined areas were 2 km2, centered about the 30, 50, 100, and 150m isobaths
along a transect perpendicular to shore. This depth range encompassed the full depth range of
near-benthic K. brevis cells (30 - ~55 m), both expected (Chapter 1) and observed (ECOHAB
cruise series, Grabowski 2010) and was then extended to 150 m to determine the fate of cells
if they were pushed further offshore for a few weeks. In addition to Sarasota and Destin, FL,
a site with relatively low bloom occurrence was added in the Big Bend region, FL (28.629 N,
84.591 W). Big Bend and Sarasota both have gradual shelf slopes, but Sarasota has one of
the highest frequencies of K. brevis blooms on the WFS while Big Bend has rare
occurrences; Destin has a steep shelf slope, but moderate bloom frequency (Table 1.) The
threshold for minimum light attenuation needed to sustain benthically oriented
subpopulations of K. brevis was calculated for each isobath, using the STELLA model. The
threshold was set at the light level below which at least one of two criteria was not met:
cellular division rate fell below 0.08 div d-1 (Chapter 1) or the migration cycle was no longer
benthically oriented. Availability of benthically-derived nutrients was assumed to extend
several meters from the sediment, with thicker near-benthic nutrient layers at deeper isobaths,
as suggested by related unpublished data from this study.
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Table 1: Summary of Testing Sites and Data Collected

Site

Incidence of
Blooms

Shelf Slope

Light
Expected
Attenuation Nutrients

Drifter
Release Data

Big Bend

Low

Gradual/Wide High

Low

No

Sarasota

Very High

Gradual/Wide Low

Low

Yes

Destin

High

Steep/Narrow Low

Periodic Spikes Yes

Whether bottom currents could carry a small, subsistence-level near-benthic population
towards shore where it would later be detected as a bloom (after undergoing growth and
accumulation processes studied by others) was assessed using ArcGIS to look for spatial
relationships between bottom current direction, the weeks during which a near-benthic
population had sufficient light to survive near the benthos, and known bloom events over a
six year period. The goal was to assess potential regional differences in survival and
transport, so we modeled bottom currents at the same three sites, hindcast from the
SABGOM N/F model system (R. He and Z. Xue, pers. comm.) The near bottom current
speed and direction was grouped into weekly (8 day) averages for 2004-2009. Bloom
occurrences onshore near each of these 3 sites were identified using Florida’s publicly
available Fish and Wildlife Research Institute’s (FWRI) database (C. Heil, pers. comm.)
ArcGIS, along with the Marine Geospatial Ecology toolset (Roberts et al. 2010) was then
used to identify co-occurrences of blooms with bottom current records for which light was
sufficient near the benthos to cause K. brevis population growth. Probable survivorship of a
near benthic K. brevis population was determined by week based on light and current
direction, and tested for correlation with subsequent nearshore bloom occurrences two or
three weeks later.
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3.3 RESULTS
Simulating simultaneously nutrient- and light-limited plankton in the GOM, ABLE drifters
migrated vertically within 13 m of the bottom with the deepest point of the migration < 1 m
from the bottom during both experiments near Destin, FL, and consequently were transported
with the water in the lower portion of the water column. The conventional drifters with 10 m
long drogues centered at the expected average depth of the vertical migration over a 24 hour
cycle were used as the reference measure for the vertically integrated flow direction. During
October of 2008, 3 ABLE drifters, released along with a Pacific Gyre SVP drifter for
reference, traveled parallel to the coast (SE), with differences in speed, but not in direction,
as a consequence of differences in vertical migration patterns (Figure 1). Two of the ABLEs
maintained a benthically oriented diel vertical migration, one oscillating between 17 and 26
m and the other between 18 and 26m with depths determined by simulated nutrient
limitation, while the third maintained a constant depth of 18m, corresponding to the middle
of the 7.3 m long holey sock drogue, which was suspended from the SVP surface float and
spanned depths from 14.4-21.7 m. The vertically migrating drifters remained together during
the ~24 hour deployment, traveling 11.78 and 12.18 km, with a spatial separation at the
surface of 0.5 km after 22.8 hrs. The constant depth ABLE traveled along the same trajectory
as the migrating drifters, but farther (12.57 km), ending up 0.41 m ahead of the ABLE that
migrated as shallow as 17 m, and 0.88 km ahead of the one that migrated to 18 m at its
shallowest. This suggests that bottom drag slowed the transport of ABLEs while they were in
water layers nearer the benthos but that all the water in the lower half of the water column
was moving in the same direction. The SVP drifter, however, diverged from the ABLE
drifters, traveling only 9.85 km along a more southern trajectory than the ABLEs; it
terminated 2.34 km away from the constant depth drifter after 22.8 hours.
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Figure 1: ABLE drifter releases in October 2008 in the GOM. At top, a vertical profile (left) and a topdown view (right) show the drifter paths within the water column in 3 dimensions. ABLE drifters moved
along roughly the same path, regardless of vertical behavior, while the drogued SVP drifter diverged to
the south. An overhead view of drifter tracks was overlaid on a satellite map (bottom) showing them in
relation to the shoreline, where they traveled from left to right over the deployment period. Overlaid
above the tracks are the predominant wind directions next to the segment of the drifter trajectory
occurring over that same period of time.
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The divergence of the SVP drifter track, which curved towards the SW and away from the
straight-line paths of the ABLEs, coincided with the time at which fluctuating winds from the
North and West shifted to the NNE (Figure C) and strengthened enough to break up by the
next day (Figure 2) the stratification seen in the water column two days before (Chapter 1).
The divergence of trajectory between the SVP drifter and the ABLEs during the Oct 2008
deployment is likely due to wind influence. The SVP had flotation added to facilitate GPS
fixes, which decreased the ratio of drag between drogue and other components below the
40:1 suggested to minimize wind influence on trajectory (Niiler et al. 1995). The smooth arcs
defined in the figure are an interpolated representation of the potential position of each unit
underwater as determined by fitting projected intermediate points along a spline-fit curve
passing through the GPS fix positions, because GPS positions can’t be determined
underwater. Wind during the deployment mixed the water column; CTD profiles collected
the next day along an onshore to offshore transect perpendicular to the drifter path (Figure 2)
lacked stratification in the water column, which had been evident two days before along
other transects (Chapter 1).
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Figure 2: Onshore to offshore transect crossing the path of the drifter one day after the deployment. The
wind event occurring on the day of the drifter deployment changed the water column from being
stratified to being well-mixed as it is in these profiles.

In July 2009 at approximately the same site, two ABLEs deployed in conjunction with a
Pacific Gyre SVP drifter were transported in the same general direction but along diverging
paths that appeared to correspond to the differences in vertical migration behaviors. An
ABLE programmed to remain at a constant 26 m, and an SVP with a 7.3 m vertical holey
sock drogue centered at 26 m, both traveled northwest along the same sigmoid path at
approximately the same rate for a total distance of 8.61 and 8.56 km respectively, ending
0.31 km apart (Figure 3, top). The ABLE migrating between 26 and 36 m was programmed
with “physiologically-modulated” behavior and exhibited a benthically oriented diel
migration. It traveled 8.27 km along a nearly straight path west-northwest, ending 3.40 and
3.55 km away from the constant depth drifter and the SVP respectively, showing that the
water near the benthos was moving both more slowly and in a different direction than water
10m above. The changes in wind direction during the deployment again coincided with
changes in path direction for the fixed-depth ABLE and the SVP (Figure 3, bottom),
indicating wind effects were present at 26 m but not deeper.
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Figure 3: BENDIM3 July 2009 showing the horizontal tracks followed by the different types of drifters
along with changes in wind direction during the deployment (top) and showing horizontally interpolated
vertical migrations that resulted in those horizontal trajectories overlaid on a satellite map with the
coastline in the background for reference, and where drifters travels from right to left during the ~24
hour deployment (bottom.)
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Figure 4: Vertical profile generated from CTD casts along the path of the drifters during the 24 hour
deployment period. The profile from left to right represents a time sequence of CTD casts as the drifters
are followed by the ship. D) shows a stable region in red at about 8 to 15 meters dividing the water
column, with a stratified decrease in salinity, A), and temperature (not shown) in the same depth region.
C) indicated that the majority of phytoplankton were present below 25 meters, while light levels fell
below 10% surface PAR, B), which corresponded with a region of increased nutrients except when
phytoplankton was highly concentrated.

Two sets of ABLEs were deployed in a region where blooms are frequent near Sarasota, FL
in May, 2006 to compare the consequences of vertical position for horizontal transport in
shallow, nearshore water. Although none of these earlier prototype ABLEs maintained the
intended programmed behaviors, the bottom depth of this shelf region (~11 m) made the
observed vertical migrations equally plausible for a previously benthically-oriented
population once in this nearshore region. The water column during the deployment on the
first day showed a decrease in temperature from 32.5 to 31.25 C between 2 and 5 m as well
as an increase in density, indicating weak stratification at the 2m depth of the thermocline
which presumably persisted through the second deployment day. ADCP data for the days
surrounding the deployment indicated that the alongshore component of current was towards
the southeast, as was the alongshore component of the drifter trajectory, (data provided by
the research group of R. Weisberg, (pers. comm.) at the University of South Florida.) On
5/14, the upper part of the water column had a weak current flowing onshore with the deeper
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part of the water column trending offshore. On 5/15, the water column transitioned to a weak
offshore flow throughout the water column. These weak currents would have resulted in very
little change to bottom depth for a transported near-benthic population and thus very little
change to the suitability of the environment for sustainment of the population. Transport of
drifters and thus plankton was slow with obvious differences in direction depending on
depths maintained by their vertical swimming behavior.
Differences in vertical migration did not affect horizontal transport trajectories as much as
did the drifters’ average depths in comparison to the surface. During the first deployment,
one ABLE traveled northeast because it was oscillating frequently between the surface and
2m, so was transported with surface water for 0.59 km at a rate of 0.044 m/s in a direction
corresponding with the >7 m/s SW winds. The second ABLE highlights the effect of a subtle
difference in vertical swimming behavior: oscillating within the top 5m of water with one
brief excursion to the bottom and spending the majority of the latter half of the deployment
between 2 and 3 m caused it to diverge sharply from the first drifter at an angle of
approximately 90 degrees to the right (Figure 5-Figure 6), traveling east-southeast from the
deployment site and ending 0.37 km from the surface drifter after 3.75 hrs. The drifter
traveling in deeper water was transported more slowly than the first for 0.39 km at 0.029 m/s.
The effect of similar hydrography but with deeper migration was demonstrated by the two
ABLEs released from the same site on the subsequent day. One of them oscillated between
the surface and approximately 5m with the majority of the deployment being spent at 2m
(Figure 5-Figure 6) and moved 0.12 km ahead of the deeper drifter along the same path
during the 3.25 hr deployment. The other ABLE oscillated between the benthos and 5 m with
the majority of the deployment at 5 m, 0.011 m s-1 slower than the shallower drifter. The
current did not appear to be wind driven at these depths during the deployment; neither
ABLE was transported in the average direction of the winds, which were again >7 m s-1 from
the southwest over a 24 hour period but anecdotally seemed weaker during the hours of the
deployment. The effect of the wind can be seen because the drifter tracks cross, with the
deeper ABLE remaining on the windward side of the shallower one and crossing paths where
they switched the depths they occupied. Both units traveled southeast, with the deeper
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migrator following a trajectory to the left of the path of the shallower one (when viewed from
an overhead, north-facing perspective.)

Figure 5: Vertical migration profiles and the resulting transport for the two ABLE deployments in
Sarasota, FL from Mote Marine Labs in May, 2006. A and B show the deployment on 5/14/2006, C and D
show the deployment on 5/15/2006, with A and D showing views from overhead and B and C showing
views of a vertical cross-section of the ocean.
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Figure 6: GPS tracks showing the horizontal transport for the two ABLE deployments from Sarasota, FL
on consecutive days in May, 2006 as well as the wind forcing during the deployment. For each
deployment, two drifters were recovered with both horizontal and vertical data records. A shows the
tracks against the coastline, while B and C are the winds for 5/14 and 5/15 respectively, using data from a
station located onshore in Sarasota, FL. The map shows both trajectories for both deployments
simultaneously, with the lighter lines representing 5/14 and the darker lines representing 5/15.

Transport distance and projected final position after one cell cycle
We then determined whether or not a K. brevis population under the environmental
conditions measured by these ABLEs in both deployment locations would survive until
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cellular division occurred and also remain in a location conducive to survival of the next
generation of cells. By using the measured deployment trajectories and what we know about
likely nutrient and light availability in the Gulf of Mexico at various depths, we extrapolated
the behavior and thus transport of an individual cell over a single cell cycle. The cellular
division rate of Karenia brevis populations residing near the benthos during these
deployment days off Sarasota was projected using a near-benthic nutrient profile from Niskin
bottle sampling (Chapter 1) and the calculated light attenuation from the PAR sensor profiles,
through a biophysical STELLA model (Chapter 1). A randomly distributed nutrient
concentration varying from 0-3 µM in the bottom 3 meters of the water column was
assumed, based on the random distribution of nitrate and nitrite over small spatial scales
measured during the BENDIM3 cruise in July 2009. The PAR attenuation values calculated
from CTD casts or ABLE sensors were k=0.32 m-1 for BENDIM2, k=0.105 m-1 for
BENDIM3, and k=0.2 m-1 for the 5/14 and 5/15 Sarasota deployments in 2006. The Sarasota
value is a conservative estimate from a range of potential k values (0.05-0.20) m-1 because
the light curve was not recorded below ~6 m due to equipment problems. From these
parameters, along with the depths at each site, the biophysical STELLA model was used to
project a probable division rate for each of these three light attenuation / bottom depth
scenarios. The model predicted that division would take 144 hours during BENDIM2, 96
hours during BENDIM3, and 74 hours during the two Sarasota deployments. Using these
“residence times” for a bottom-oriented Karenia cell, the transport distances and final
positions of our theoretical bottom-oriented population were estimated by assuming a
constant speed and current direction.
The Destin region is not necessarily independent of the adjacent Big Bend region, nor
presumably from the Mississippi river basin on the other side. For the BENDIM2
deployment, the estimated transport velocity was 1.91 m/s. The high light attenuation
resulted in division after 144 hours (0.17 div d-1.) This time span, assuming constant velocity,
would result in transport over 89.76 km and transport the population to a region called
Mexico Beach. The next generation of cells would then divide close to Cape San Blas, which
begins the Big Bend region. Depending on whether a straight line trajectory or a curve
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following a single isobath along the coastline is used, the population will either not change
depth, or be carried into shallow coastal water where both light and nutrient exposure would
be greater and thus speed the division rate. For the BENDIM3 deployment, the population
would have traveled at 1.31 m/s over a distance of 34.58 km during the 96 hours it would
take to reach division. Projecting the endpoint of our theoretical bottom-oriented population
tracked with the ABLEs, the population would have traveled along approximately the same
depth contour towards the west and ended offshore from Ft. Walton Beach, retaining that
population within the Destin region until the subsequent generation.
During the 2006 Sarasota deployments, transport speeds were much slower than those at the
Destin site; combined with a lower light attenuation and hence shorter generation time, this
meant that K. brevis cells were not projected to travel far from the experimental origination
point. Although the ABLEs in these experiments moved between the surface and midwater
rather than operating as intended, we still could make projections of division rate and
transport for a population with bottom-oriented DVM because the winds were weak and
water motion (ADCP data) was similar at all depths. On 5/14, the subsurface drifter traveled
at 0.029 m/s for a distance of 7.62 km south towards Siesta Key. Depending on whether we
assumed a straight line trajectory or a continuation of the alongshore trajectory following the
coastline contours, the cells would have either moved into shallow water and ended up
against the shoreline of Siesta Key, or adjacent to it offshore at approximately the original
bottom depth. Deployments on 5/15 indicated southward movement with an offshore
component. ABLEs moved at 0.039 and 0.050 m/s, resulting in a net transport of either 10.31
or 13.28 km, again offshore from Siesta Key, but this time in deeper water. Because the slope
is gradual along the West Florida Shelf, this did not result in an increase of more than 5 m in
final bottom depth. When a change in bottom depth from 11 to 16 m was modeled in
STELLA, cell division was delayed by one day. That would result in an additional 4.3 km of
transport parallel to the southernmost end of Siesta Key, still keeping the population close to
the point of origin.
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Probability of Inter-Annual Near-Benthic Population Survival
To put this into a larger context, the potential for a near-benthic population to be maintained
year-round at three sites (the two ABLE deployment sites and an intermediate site in the Big
Bend region) was assessed using light attenuation calculated from SeaWiFS satellite images
between 1998-2009. The 8-day average values from 1998 to 2009 indicated light attenuation
coefficients (k) ranging from 0.0242 to 0.186 m-1, typically decreasing with increasing
distance from shore, as was expected because water typically contains fewer particulates and
becomes more oligotrophic farther from shore. The Destin site had the highest light
attenuation in every month, whereas Sarasota had the lowest (averaged data at each site by
week.) The simultaneous cyclical changes in light attenuation at all sites indicate a seasonal
relationship: increasing in winter months and decreasing in spring (Figure 7) The hierarchy
of k values by site remained consistent for every week. It’s worth noting that a potential bias
between the satellite-derived measurements and field measurements exists, because light
attenuation measured by PAR sensors mouted on or near the drifters during all deployments
was higher than levels calculated from satellite data for the 8 day period encompassing each
deployment. At Destin, satellite data were not available for the week of the BENDIM2
deployment, but k was 0.08 m-1 for the preceding week and 0.06 m-1 for the following week.
In July 2009, data were also not available for the BENDIM3 deployment week, but in the
preceding week k was 0.07 m-1, and the following week 0.05 m-1. During the 2006 Sarasota
deployments the calculated k of 0.05 m-1 was on the low end of this range. Measurements of
light attenuation during the deployment days were therefore higher than the 8 day satellitedetermined averages for the BENDIM2 and 3 deployments and were the same as the satellite
averages for the Sarasota deployments.
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Weekly Averages of Euphotic Depth by Site at 150m Isobath
Fall 1997-2009
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Figure 7: Satellite-derived light attenuation at 3 sites along the Florida shelf in the Gulf of Mexico from
1998-2010 at sites, averaged by week. The Destin site had higher and the Sarasota site had lower light
attenuation than the Big Bend site for every month. Light attenuation was lowest in spring months and
highest in fall and winter months.

In our STELLA model, a depth threshold had to be determined for migration height above
which the behavior was no longer termed “bottom-oriented”. Based on observations of the
relationships between drifter trajectories and current directions, we decided that cells
maintaining an average depth below 50 m (after 2 diel cycles) were likely to move in the
same approximate direction as the bottom water for the 100 and 150 m isobath, which was
when k<0.08 m-1. Rather than remain in a near-benthic nutrient layer to fulfill nutrient
requirements at these depths, the cells modeled in STELLA accumulated sufficient nutrients
for net uptake during a diel period using the background concentration of 0.1 µM N. When
bottom depth was 150 m (Figure 8), the K. brevis cell swam faster upward than downward
during every diel cycle. After several days of swimming faster upward than downward, the
cell became shallow enough to encounter light levels sufficient to accumulate carbon at a rate
that the nutrient-motivated downward speed and carbon-motivated upward speed became
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roughly equal, and centered about a new depth that allowed equal uptake rates fulfilling both
requirements. The effect of reducing the light transmission for both the 100 m and 150 m
isobaths was an upward shift in the average depth due to faster upward vertical migration,
rather than a lengthening of the time to reach cellular division. For the 50 m isobath, both
bottom orientation and population subsistence occurred when k<0.12 m-1. For the 30 m
isobath, both bottom orientation and population subsistence occurred for our full range of
tested light attenuation levels up to the maximum (k=0.18 m-1).

Changes in Vertical Migration in Response to Light Attenuation
at 150m Bottom Depth
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Figure 8: The vertical migration of a modeled K. brevis cell that determined swimming speed upward vs.
downward from the relative internal levels of two primary cellular requirements of nutrients and light
for carbon assimilation. The light attenuation and bottom depth were both varied in the model to
determine a maximum k value above which the population will either divide at a rate slower than 0.07
div d-1 or no longer remain in the lower part of the water column. After an initial “spin up” period of 1215 days, the cell migrated down from the lowest depth at which light is sufficient to sustain minimal
growth and back up to that depth after accumulating nutrients lower in the water column.
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We then used the light attenuation thresholds determined above to calculate the probability of
survival by month for a near-benthic population in our three regions over an 11 year period
by using the satellite-obtained light attenuation data for each site, averaged by month
between 1998 -2009 (Figure 9). If cells were exposed to light higher than the “survival
threshold” calculated above for each isobath, they were assigned a value of 1, otherwise of 0.
The weekly averages from all 11 years were then combined into monthly averages to
examine the seasonal patterns in the probability of near-benthic population maintenance
under our basic assumptions. Periods of highest probability were in the spring and fall
months for all three sites. Working geographically from west to east, in Destin the probability
of near-benthic survival is lower at 100-150 m than for our other test sites, with nearly yearround near-benthic survival only possible at the shallower two isobaths. For Big Bend, the
probability of near-benthic survival follows the same seasonal fluctuations, but with periods
in summer and fall where near benthic survival is possible even for the deepest isobaths. At
Sarasota, near benthic survival is possible at all tested isobaths, but least probable at the
deepest isobaths in winter.
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Figure 9: Near-benthic survival at 3 sites by isobath depth and month from 1998-2009, showing the
probability of survival of a benthically oriented population (ranging from 0-1) at four different bottom
depths for each site. A biophysical STELLA model was used to assess division rate and vertical behavior
in response to the range of light attenuation values measured via satellite, and the survival was set to
either 0 of 1 each week based on whether the satellite-measured light transmission was sufficient to
support a near-benthic population within the model. These results were then averaged by month,
spanning 2004-2009.

The predominant directions in which near-benthic subpopulations of Karenia brevis would
be transported were determined graphically by plotting the average weekly bottom currents
from 2004-2009 (Figure 10). While hindcasting in the SABGOM Nowcast/Forecast model
showed large fluctuations in daily current direction and speed that would result in complex
motion, the weekly averages elucidated the net transport of our subpopulation and therefore
the potential to maintain cells on a region of the shelf with sufficient light for cellular
division. Near Destin, the bottom currents flowed primarily along the isobath, with only a
very small north-south component relative to the east-west component. At the Big Bend site,
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the average current direction is to the southeast, while average currents directed northwest
were infrequent and weaker. The offshore-trending half of these currents would have pushed
near-benthic cells into regions with too little light for survival, and the dinoflagellates may
have migrated up into midwater depths if they behaved according to STELLA modeling
results. At the Sarasota site, the current is strongest along the southeast-northwest axis, with
the majority of the averaged current vectors directed southeast toward shore.
To look for seasonal differences, considering the bloom inititiation is a seasonal event, these
current vectors were then divided by month and then mapped (the different colors are
according to whether that week had sufficient vs. insufficient light to result in maintenance of
a near-benthic population). At the Sarasota site, there would be enough light, on average, to
support a near-benthic population during any season. At the Big Bend site, the occurrence of
blooms does not appear to correlate with any seasonal change in bottom current direction or
near-benthic light availability at our test point. On the other hand, transport with sufficient
light for near-benthic survival is predominantly along the shelf in Destin, and a seasonal
change in the northward component of the current vectors toward the east (Figure 10C, D)
coincides with an occurrence of blooms in the same direction. In three out of 4 of our
periods, the eastward currents also have insufficient light to support a near benthic population
deeper than the 100 m isobath. Any seasonal effect that is due solely to changes in currents,
therefore, appears to occur only at the Destin site according to our data, whereas the variation
in light attenuation does appear to exert a seasonal effect at all sites.
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Figure 10: Relationship of currents to bloom events 2004-2009, grouped into 3 month periods of A) JanMar, B) Apr-Jun, C) Jul-Sep, and D) Oct-Dec. Each line represents the distance a near-benthic
phytoplankton cell would be transported during 1 satellite week. Differences in color indicate periods
when light attenuation was sufficiently low to allow a near-benthic population to survive at the 150 m
isobaths (black) or periods where light was too low to support a benthic population (red). Dots indicate
the presence of surface blooms during those same periods with the cell counts listed in the legends.
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3.4 DISCUSSION
Our study suggests that nutrient- and light-limited Karenia brevis, with consequent
benthically-oriented migrations, would be transported in the same direction as water in the
lower half of the water column along the mid-shelf region in the Gulf of Mexico. Using a
novel biomimetic Lagrangian drifter, the ABLE, we assessed the consequences on transport
in situ when the speed and direction of vertical migration were modulated by continuously
changing exposure to physiologically driven migration stimuli: the light and nutrients
required for cell maintenance and growth. Diel vertical migration has long been known in
phytoplankton, but its consequences for horizontal transport have not been well studied due
to technological limitations until now. Under the conditions present off Destin, FL, the
ABLE drifters became bottom oriented in their diel migrations and thus were transported
with the water near the bottom of the test area. In contrast, an ABLE and a conventional
drifter that maintained position within 1 m of the surface deployed at the same time as part of
another experiment traveled in roughly the opposite direction from those migrating from 26 –
36 m, with a complex looping trajectory of the former resulting from wind forcing that was
not present in the motion of the deep drifters. Even with a difference in migration depth of
only a few meters, ABLEs were not transported in the same direction as surface flows. A
drifter deployed off Sarasota and oscillating in the upper 1-2 m of water demonstrated a
small shift in transport direction from changing surface winds, whereas an ABLE with larger
depth oscillations of ~4 m was less affected by surface winds and moved in a markedly
different direction. Since the depth of K. brevis is a consequence of migration behaviors
induced by local distributions of light and nutrients in the shelf region of the Gulf of Mexico,
then the population of cells seeding blooms could be in the bottom rather than surface water
prior to aggregation and bloom formation. The transport trajectory will then be determined
by the motion of currents at the depth in which both nutrients and light are accessible rather
than from surface circulation.
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The potential for a Karenia brevis population to survive near the benthos year-round along
the West Florida shelf was not uniform; light sufficient to support these near-bottom cells
differed by both region and season. A biophysical model of Karenia brevis (presented in
Chapter 1) exhibiting the same “physiologically modulated” diel migration behavior as the
ABLEs resulted in a bottom-oriented migration, exhibiting faster downward than upward
swimming when nutrients were not present in surface water, but did not reach cellular
division over the full range of light attenuation recorded in each of the three regions via
satellite. The increased light attenuation in spring and winter (Figure 7) induced a
corresponding shift in the average depth of modeled bottom-oriented dinoflagellates. While
light levels appeared to be sufficient to support a benthically oriented dinoflagellate
population year-round in Sarasota, the Destin and Big Bend sites had periods in March-April
and September-October where near-benthic populations at 100-150 m could subsist only 7080% of the time, and as infrequently as 30% of the time in other months (Figure 9).
Interestingly, the fall decrease in light attenuation, when sufficient light for cellular division
reached the deeper water column on the shelf, coincided with the season when blooms
frequently occur after the breakdown of vertical stratification.
As well as altering the probability of survival until cell division according to our STELLA
model, this change in available light suggested the possibility of a third diel migration
behavior in addition to surface or bottom orientation. The STELLA model indicated that cells
in the deep shelf region could reach division even if they remained neither near the surface
nor bottom of the water column, exposed to only expected background levels of nutrients
(0.1 µM N) in the middle of the GOM water column. If this migration behavior is not simply
an artifact of using a biophysical model, then it suggests that if this midwater population is
exposed to an increase in nutrients from a Loop Current intrusion or even more complex
sequences of nutrient-providing events such as a Saharan dust-Trichodesmium bloom
interaction (Walsh et al. 2006) it might become surface-oriented where it would be
detectable. Surface waters along the inner shelf, unlike deep currents, are driven by wind
stress (Ohlmann & Niiler 2005), so the fate of such populations could be predicted with more
conventional surface flow models.
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Assuming that the selected points in our three regions are representative of the general
behavior of this mid shelf water, the likelihood of blooms resulting from aggregation of these
theoretical “seeding” K. brevis cells residing in the bottom water also differed by region as
well as season. The degree of cross-shelf vs. alongshore transport during the lifespan of a cell
in different seasons is an important contributor to the probability of bloom formation
resulting from the transport and survival of that plankton in our three test regions during a
single cell cycle. Extrapolations based on the STELLA model indicated a potential transport
distance during one cell cycle (between cell divisions) ranging from 13 to 90 km, over which
distance shelf depth could change by 10s-100s of meters if across the shelf, thus affecting
simultaneous accessibility of light and nutrients for a near-benthic population. The direction
of the bottom water flow during the deployments off both Sarasota and Destin would have
transported any plankton parallel to shore, thus maintaining the same bottom depth and
therefore same light exposure. At the Big Bend site, on the other hand, a large cross-shelf
component was present, which would export cells into deeper shelf water as frequently as to
shallower.

Potential for supporting a near-benthic “seed” population year-round by
region
Sarasota:
In the Sarasota region, the low light attenuation throughout the year has created a region
where a benthic subpopulation could subsist throughout the year at 30-50m bottom depths.
Even for 100 and 150 m bottom depths, average light attenuation in this region was such that
a near-benthic population could be supported during most weeks of the year, with exceptions
occurring mostly during some winters. Without a behavioral or physical barrier to cross-shelf
transport, however, those populations would have been periodically carried offshore into
regions where minimum requirements for growth (light and nutrients) are not simultaneously
met. This suggests that the high incidence of blooms onshore of these areas may be related to
the retention of a near-benthic cell population isolated from offshore water. For the average
bottom water vectors examined here, little to no cross-shelf transport is occurring in this
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midshelf region, even near the benthos. The current was predominantly to the southeast
independent of season, with a small toward-shore component on average.
It is unknown whether a population could subsist in shelf water 150 m deep and still seed an
onshore bloom in this region. The exclusion zone (Yang et al. 1999) that forms a north-south
barrier (line) preventing the interchange of water between the near shelf and deep shelf water
for both surface and deep water (Olascoaga 2010) means that any near-benthic cells to the
east or west of this moving hydrodynamic barrier would be isolated from each other.
However, K. brevis have the ability to migrate into interstitial spaces in the sediment to take
up nutrients, (Sinclair 2009) and phagotrophy may be an alternative to carbon accumulation
through photosynthesis as has been observed for other species (Stoecker 1999). If these are
major survival strategies, then those cells would not be transported with bottom water while
in the sediment and might re-emerge into a water mass on the other side of this “barrier” if
the boundary between onshore and offshore water had shifted during that time. The potential
for interchange could be tested if a future study were to test the genetic similarity or isolation
of any cell populations found near the benthos where bottom depth is 50 m vs. 100-150m in
this region, the populations would be expected to be genetically isolated unless migration
into the sediment is a survival strategy utilized by many cells.

Destin:
At the Destin site, bottom water was transported parallel to the coastline with only a small
onshore component when currents were eastward, providing an environment where nearbenthic populations could subsist for long periods and potentially seed later blooms. In our
three month averages (Figure 10), periods when the largest vectors for bottom currents and
transport of potential seed populations had a northward, shoreward component coincided
with bloom occurrences near shore along an extension of that same current trajectory.
Although the available data are limited, this suggests that a near-benthic population may be
transported back and forth along a particular isobath and thus remain in a region where
suitable near-benthic conditions persist, until the strongest bottom currents shift northward
and push that population toward shore in upwelling conditions.
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Light attenuation trends, however, indicate that near-benthic survival at the deeper 100-150m
isobaths is most likely to occur in spring and fall, with only as little as a 10% probability of
survival until cell division using monthly averages of light attenuation in summer and winter.
Survival of near-benthic cells would therefore be more sensitive to small changes in the
degree of cross-shelf transport, particularly when coupled with the higher current speeds and
thus longer transport distances per week.

Big Bend:
The Big Bend region is not a likely self-sustaining source of “seeding cells” if the population
is benthically-oriented, but it may be seeded by the test regions on either side. Populations in
the bottom water at the Big Bend site would be transported offshore as frequently as onshore
due to the random directional distribution of the large cross-shelf component, with
alongshore transport dominant towards the southeast. When dinoflagellate cells are
transported long distances cross-shelf, the availability of light at the bottom and hence
probability of survival in bottom water will change. During fall, light levels were sufficient to
sustain near-benthic cells as deep as the 150 m isobaths in the Big Bend, coinciding with
periods during which blooms have most often occurred in this region (FWRI data, review
Carlson and Clark 2009). During winter and summer, however, high light attenuation made
simultaneous access to nutrients and light, and therefore population sustainment, improbable
for a near-benthic population at the 100-150 m isobaths. The infrequent but occasional
blooms occurring in this region, if seeded from a near-benthic population rather than
transported along the surface, are therefore likely to be seeded by transport from the Sarasota
or Destin regions, which are more likely to support a year-round population.

Regional Interactions
For the southeastern side of the Big Bend, “seeding” cells may be originating from off
Sarasota from depths of up to 150 m and then continue to be sustained if they are transported
northward along the shelf near the bottom. As mentioned before, a barrier exists that prevents
the mixing of onshore and offshore water, known as the EZ (Yang et al. 1999) or CSTB
(Olascoaga et al. 2006), but it occurs parallel to the coastline at approximately the 100m
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isobath (Olascoaga 2010). Geostrophic flow, comprising 90% of the water motion and a
major influence on the deep shelf current, trends northwestward along isobaths during the
months when K. brevis blooms often occur (Carlson 2007; Carlson & Clarke 2009). Because
our STELLA model suggested that cells can subsist in deep water for the majority of the year
in the Sarasota region at the 100-150 m isobaths, these cells seaward of the 100 m isobath
may still be the source of blooms further north along the shelf if they encounter a subsequent
nutrient influx, such as mixing with Mississippi River water (Stumpf et al. 2008) or a Loop
Current intrusion (Walsh et al. 2003) during upwelling. Unlike the isolated water near
Sarasota east of the exclusion zone, the offshore water would get an influx of nutrients from
Mississippi river water incursions (Stumpf et al. 2008), which if then carried north along the
bottom in deep shelf water could potentially push these offshore K. brevis cells northward
into the southern Big Bend region. During strong storm events such as hurricanes, transport
distances of cells would increase. If these storms have a heightened northward wind
component, this would increase the probability that a bloom could be seeded from a
population further south along the shelf, (Carlson & Clarke 2009), also suggesting that K.
brevis cells in a near-benthic population could be transported if bottom currents are subject to
simultaneous increased northward forcing during storms.
K. brevis cells subsisting near the benthos in the Destin region could be transported long
distances by the average weekly alongshore bottom currents, potentially resulting in seeding
blooms on the western side of the Big Bend region under certain conditions. If an eastward
current occurred for >2 weeks and coincided with light reaching the benthos (most often
occurring in September and October) this could seed a bloom on the western side of the Big
Bend region. A very recent high-resolution nearshore model demonstrated that the circulation
of the northeastern Big Bend and Destin regions may be interconnected near shore due to
eddying and shoreward-directed currents that occur at the separating feature of Cape San
Blas (Todd, 2013). If our ABLE had continued their deployment until cellular division, then
according to our division rate projections determined in STELLA, one of the releases would
have carried the ABLEs (and presumably the cell populations they emulated) in bottom water
along the isobath near a site used in Todd’s (2013) particle release flow model. In that study,
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simulated particles in the bottom water on the Eastern side of the Destin region were carried
around the Cape into the Big Bend region. If coinciding with an upwelling event, deep water
could then push particles into shallow nearshore water on the west side of the Big Bend
(Todd & Morey 2007). Shoreward currents appear to form around that cape feature on a
regular basis (Todd, 2013), so if a coincidence of sustained eastward nearshore currents, a
shoreward bottom current eddy around the Cape feature, and transmission of enough light
deep into the water column to support a near-benthic population occurred simultaneously, it
is likely that cells from that “seed bank” offshore from Destin would seed blooms on the
West side of the Big Bend region. This possibility could be confirmed or rejected easily
using these three factors in a high-resolution numerical plankton transport simulation model.
Light sufficient to support near-benthic Karenia brevis populations, coupled with the
detection of near-benthic cells in deep water (ECOHAB cruise series, Grabowski 2010), and
a high incidence of K. brevis blooms in that area suggest that benthic populations subsisting
in regions with low cross-shelf transport could be subsequently seeding blooms under the
right initialization conditions. A benthically oriented subpopulation of K. brevis cells is a
potential seeding source for blooms in the Destin and Sarasota regions because transport is
predominantly along the shoreline, providing consistent bottom depths and therefore light
exposure. Light transmission is sufficient for a nutrient limited (and therefore bottomoriented) K. brevis population to grow and divide near the benthos. Future efforts to predict
the source populations for newly formed Karenia brevis blooms should consider if nutrient
and light conditions support the prior presence of K. brevis near the bottom along the shelf,
and then look for correlations of occurrences with deep water movements.
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Chapter 4: Development of an Instrument to Improve the Study of Behavior and Transport

4.1 BACKGROUND
To understand physical-biological interactions between plankton behavior and transport, we
developed a behaving drifter that, like living planktonic organisms, migrates vertically in
response to variations in its in situ microenvironment. This Autonomous Behaving
Lagrangian Explorer drifter, the ABLE (Figure 1), was intended to elucidate average
transport trajectories for populations of plankton that share a behavior pattern. Transport is a
consequence of the interaction between vertical swimming and the physical forcing in the
water column. The ABLE measures changes in multiple environmental parameters, including
Photosynthetically Active Radiation (PAR), temperature, pressure, and salinity. It responds
by migrating vertically, according to a behavioral model for the planktonic organism of
interest, and is thus transported along a trajectory representative of plankton exhibiting that
behavior under those same conditions. The ABLE was designed to have low power
consumption and thus have the battery capacity to mimic the transport of a patch of
planktonic organisms over ecologically relevant time spans (a few days to a few weeks
between hatching and settlement.) ABLE is designed to be inexpensive, allowing the
replication necessary for Lagrangian experiments and the replacement of lost or damaged
instruments.
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Figure 1: An Autonomous Behaving Lagrangian Explorer (ABLE) with a diver for scale.

The horizontal transport of plankton is ecologically of great interest, particularly for
meroplankton, as their survival and subsequent reproductive success depend on them being
transported by ocean currents to habitat suitable for settlement, metamorphosis, and growth.
Suitable habitats must not only provide potential access to food and mates but also protection
from both physical stresses and predation. Transport of plankton to one of these (often patchy
and discontinuous) settlement habitats, if controlled solely by the random variations in ocean
current direction and speed, would be improbable. Coral planulae, for instance, may be
released from a small patch of reef, spend 2.5-6 days drifting near the surface (Harrison and
Wallace 1990; Miller & Mundy 2003), and within that time must encounter and settle on
another patch of reef, perhaps 4 -20m below the surface, near adults of the same species.
Veligers of Queen conch (Lobatus gigas) drift in near-surface water in the open ocean near
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Caribbean Islands, potentially being carried >100 km (Stoner & Ray 1993); even though their
surface orientation becomes gradually weaker through an ontogenetic shift (Barile et al.
1994) over a 2-5 week period (Stoner 2003), the detection of a suitable nursery habitat of
seagrass up to 30 m from the surface is still nontrivial. Larvae of crabs such as Callinectes
sapidus may spend 4-5 weeks in coastal waters (Sulkin & van Heukelem 1986, Welch &
Epifanio 1995) but then must re-enter estuaries through narrow inlets and then remain there
for days to weeks before settling into seagrass beds. Over ecological time scales, the spatial
distribution of species is dependent on the likelihood of their larvae being reliably
transported to habitat essential for the next stage of the life history, despite episodic and
seasonal variations in currents. Such reliable transport, however, appears improbable if larvae
are truly passive drifters.
Plankton, by definition, cannot swim against a horizontal current and therefore will be
carried along with the water parcel in which they are embedded; many plankton species can
exert some control over their transport, however, by migrating vertically into water parcels
moving in a “favorable” direction because velocity of water varies with depth. In the
nearshore coastal region, vertical velocity gradients are well-known, resulting from wind
stress (Ekman effects) and bottom drag, particularly in shallow waters. Land boundaries and
tides in coastal and estuarine waters introduce additional spatial variability in velocity: eddy
effects around reef edges and islands (e.g. Emery 1972, Hogg 1972, Hamner & Hauri 1981),
boundary layer effects along the edges of estuaries or channels, gyres generated by changes
in vorticity near abrupt bathymetric features like large, shallow reefs or shallow seamounts
(Goldner & Chapman 1997) and shifts in the dominant current direction that depend on the
combination of tidal stage, riverine input, and wind direction. Although not all plankton
species exhibit diel vertical migration, or DVM, (as few as 10% in the Gulf of Alaska;
Marlowe & Miller 1975), a large percentage of zooplankton and phytoplankton exhibit
vertical movements at some point in their life cycle on a diel, tidal, or ontogenetic schedule,
and thereby can affect their horizontal dispersal (e.g. Shanks et al. 2003). The interaction
between vertical swimming and transport is not “intentionally” controlled by planktonic
organisms, because they can react in most cases only to the immediately surrounding
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environment and are unaware of features at scales much larger than their own. In order to
effect transport to a suitable region for settlement, growth, and later reproduction, plankton
must therefore sense in situ physical or chemical changes that reliably correlate with the
presence of a (potentially remote) settlement habitat. Reliability is increased by redundancy,
and larvae may be expected to alter their vertical position based on a conjunction of two or
more cues (e.g. crab larvae entering an estuary from offshore rely on not only on salinity
changes, but also cues from turbulence, pressure, and light (Cronin & Forward 1986,
Forward & Rittschof 1994).
To assess the utility of ABLE in elucidating the effects of vertical behavior on transport, we
considered both the ABLE’s ability to both detect environmental changes and to adequately
respond to those changes with a controlled vertical migration. First, we examined the
capabilities of its sensors to detect common, biologically important cues in the environment
that are encountered by vertically-migrating plankton in coastal and estuarine waters (e.g.,
those occurring during estuarine tidal cycles,) and compared those with the capabilities of
commonly used (commercially available) types of sensors under the same conditions. To put
these capabilities into a biological context we compared them with the available data
regarding the sensitivity of planktonic organisms. We then tested ABLE’s vertical swimming
response to such cues in two ways. First, we verified its ability to incorporate multiple cues
into its calculations of vertical swimming response according to a model describing the
behavior of a species of interest. The model we used was for the dinoflagellate Karenia
brevis, which uses light, time of day, and internal nutrient levels to determine speed of
upward vs. downward migration on a diel cycle (Kamykowski et al. 1998). Second, we
verified that ABLE can move vertically at a wide range of biologically realistic speeds to
mimic diverse vertical migration behaviors. At the slow extreme are ontogenetic shifts in
depth over periods of several weeks: Strombas gigas veligers, for example, drift in the top 5
m of the ocean after hatching (Stoner & Ray 1996) and move gradually downward during
development (Barile et al. 1994) until metamorphosing 2-5 weeks later (Stoner 2003) to setle
on seagrass beds 10s of meters below the surface. Other plankters may migrate much faster;
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the copepod Undeuchaeta plumosa, for instance, has been recorded migrating dielly at 86168 m h-1 (Roe et al. 1984).
We also needed to test the assumption that ABLE remains in the same water parcel as the
plankton being emulated. Ignoring the differences in Reynolds numbers for the moment, this
assumption is still necessarily violated to some degree, because (quasi-)Lagrangian drifters
can reveal transport trajectories only if the drifters themselves can be tracked. This requires
exposing GPS & satellite antennas at the surface, which inevitably causes “drift errors,”
because surface currents and wind stress will move the drifter relative to the water parcel
containing the plankton at depth. Conventional drifters have spatially-distributed drag,
incorporating the tracking electronics in a surface float, from which a cable suspends a large
drogue. The drift error of such an assembly is a function of the proportion of its drag that is
outside the tracked water parcel, and is somewhat predictable at a given wind speed (Niiler et
al. 1995). In contrast to conventional drifters, ABLE has what can be thought of as a
temporally distributed drag; for the majority of the deployment its drag is entirely within the
water parcel inhabited by the plankton, but it incurs drift errors when it leaves this water
parcel for short periods to migrate to the surface for GPS fixes. ABLE’s drift errors can be
estimated from that time fraction and the differentials between velocities at depth and in
shallower layers. Drift errors can be minimized for conventional drifters by minimizing the
(fixed) fraction of the drag that is at the surface, outside the tracked parcel (Niiler et al.
1995). For ABLE, errors can be minimized by (flexibly) programming the amount of time
spent in excursions to the surface. The desired frequency of fixes must be balanced against
acceptable drift errors.
We also considered the issue of scale. ABLE must be much larger than a planktonic
organism (30 cm tall, 11 cm diameter, 3 kg) to accommodate the circuitry, pump, and
particularly batteries. Its sensors are too large to detect conditions in the volume occupied by
a single plankter, and necessarily average over a larger volume. The ABLE is, however, an
order of magnitude smaller than the drogues of many conventional drifters that are often
assumed to be tracking a planktonic population; they are as close to planktonic scale as
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feasible while still incorporating the essential capabilities of environmental sensing,
movement, and the ability to be reliably tracked and recovered. In field experiments, we
compared its movements on multiple scales with those of two conventional drifter designs, of
“clouds” of fluorescein dye, and of genetically tagged megalopae. The difference in scale
between ABLEs and plankton was taken into account when we interpreted those results in
relation to the probable movement of the planktonic population being represented.
Finally, we assessed ABLE’s practicality as a tool for studying planktonic transport in nearcoastal water and within estuaries, comparing its capabilities with several desired
characteristics: ease of calibration, simple deployment and recovery, rapid transfer of
program and data files with a low error rate, endurance encompassing the duration of
planktonic larval phases, robustness, and low cost that would permit replication in
deployments and economical replacement of losses.
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4.2 METHODS

Detection of Migration Cues
Sensor Resolution:
To assess the ability of ABLEs to detect sensory cues for migration, we measured pressure,
temperature, salinity, and light in controlled environments. Some tests were conducted in a
laboratory setting and the others were conducted in an estuary using a stationary mooring.
Pressure and Temperature: In order to measure the resolution of the pressure and
temperature sensors, we deployed ABLE devices individually in a 2 m water column within
the laboratory. The ABLE was programmed to remain on the bottom of the tank and
measurements for both sensors were recorded. Water temperature and pressure while resting
on the bottom were both expected to be constant, and variations in successive depth and
temperature measurements reflected the resolution and stability of the sensors. ABLEs also
were programmed to ascend or descend slowly. Both revealed the resolution of the sensors,
as any deviations from either the constant value or the monotonic traces reflected the “jitter”
in the sensor circuitry.
Salinity: The linearity of the conductivity circuitry of the ABLEs was tested by substituting a
range of 1% precision resistors for the conductivity cell, simulating the conductivities of the
cell across the full range of salinities that might be encountered. To assess stability of the
conductivity cell, the ABLE was placed in a bucket of seawater with a constant salinity, and
variations in successive salinity measurements were recorded to determine the sensor
resolution.
Light: The detection threshold of the light sensors was determined in natural sunlight in situ
by deploying two ABLEs at a fixed depth in an estuary for 6 days (in an experiment
described in the next section below) as well as in a flooded rock quarry for multiple days
(Chapter 1). The average of the first non-zero measurement after multiple sunrises was used
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to determine the minimum light measurement threshold in natural conditions, using the full
sun calibration point and the log-log characteristic threshold of the sensor.

Detection of Environmental Changes in Nature:
We measured the ability of the ABLEs to detect an environmental change that is known to
trigger migration behavior in multiple plankton species by deploying them at a fixed location
in a tidal estuary. Tidal signals available to plankters are not equally strong throughout an
estuary, so we chose a site where signals would be weak in the Indian River estuary near Ft.
Pierce, FL, at which to test the abilities of ABLEs’ sensors: away from the inlet and main
channel. A site with low-amplitude tidal signals was first identified by collecting vertical
temperature and salinity profiles using a Seabird SBE-19 CTD lowered by hand at 4 sites on
randomly selected days and various phases of the tidal cycle.
We selected a site attached to a dock owned by the Smithsonian Marine station (27.455922°
N, 80.309558° W) and attached an instrument cluster to the base of two pilings, ~4 m apart,
for 6 days. They continuously measured temperature, salinity, backscattered light, and
pressure. The instrument cluster, weighted to settle onto the bottom of the estuary, consisted
of two ABLEs, a set of 6 datalogger CTD units (designed by T. Wolcott,) and a Seabird
SBE-19 CTD. An ABLE was mounted on the bottom of each piling with the base of the
instrument resting on the sediment; it recorded depth, temperature, light, and salinity (likely
cues for plankton migration.) The Seabird SBE-19 was attached next to one of them to
provide depth, temperature, and salinity values from well-recognized sensors for comparison.
Three of the mini-CTD dataloggers were then attached to the body of each ABLE at 7 cm, 25
cm, and 50 cm from the sediment surface. These recorded pressure, temperature and salinity
every 6 minutes, using the same type of conductivity cell technology as the ABLE (but with
less sensitivity,) providing additional measurements of the tidal variation for comparison
with the data from ABLE. The tidal stage was gauged by the pressure measured by the
devices, which indicated the water height above the stationary instrument cluster. The
changes in pressure, salinity, temperature, and light sensed by the dataloggers and the ABLEs
were compared. Wind direction was obtained from NOAA’s National Data Buoy Center
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using the TDRF1 station at a city north of the site (28.416° N 80.593° W), direct observation,
and additional data from a virtual station at Ft. Pierce generated using WeatherFlow
(WeatherFlow 2012). The sensor values were analyzed for both equivalence of resolution to
laboratory-determined vales as well as the ability to detect tidally induced changes in these
sensor readings.

Vertical Migration Control
Software Setup of Multiple Cues and Velocity Regulation:
In order to determine whether the ABLEs could simulate complex planktonic behaviors, we
constructed a program intended to modify dZ/dt in response to several inputs, and then tested
in the field whether it worked, assessed whether migration could be controlled in response to
input from multiple sensors rather than a sole environmental variable, and whether the
vertical velocities matched those of the mimicked organism. For the first, the ABLEs were
programmed to measure several variables simultaneously, weight them, and then integrate
them into a single migratory response. The behavioral programming for the ABLEs used
multiple governing equations that incorporated all the variables thought to modulate the
organism’s vertical swimming behaviors (either laboratory-determined or theoretical.) The
software then utilized readings from the various sensors, such as light and salinity, in a
hierarchical order. In our experiments, we imitated the toxic dinoflagellate Karenia brevis,
which modifies its maximum migration speed of 1 m hr-1 (McKay 2004) by incorporating
sequential “choices” based on the sequential readings, similar to Yamazaki & Kamykowski
(2000) and Liu et al. (2001). Beginning with the night phase of the diel cycle when the
dinoflagellate is deepest, if the program detected a clock time past midnight, swimming
orientation changed from downward to upward by switching pumping orientation. If sensors
detected light, the program used that light value to calculate simulated carbon assimilation,
which decreased the upward swimming speed during the next time step. When the ABLE
program detected a clock time past 12PM, the pumping and thus swimming switched to a
downward orientation. In that case, it then read the temperature sensor and compared that
measurement with a preset threshold value. If the temperature was lower than the threshold,
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it used the difference between the current temperature reading and the threshold value as a
proxy for variable external nutrients. It calculated nutrient uptake and used that increase in
assimilated nutrients to decrease the swimming speed, decreasing the difference between the
current depth and the target depth at the next time step to do so. The light sensor continued to
measure simulated carbon intake at the same time for later use in upward swim speed during
the next night cycle.
To test the ABLEs ability to migrate vertically at a speed matched to that of a target
organism, the ABLE was programmed to measure the change in pressure over time,
continuously calculate vertical speed, and then modulate that speed by altering buoyancy.
This was accomplished by altering displacement, but not mass, by transferring ballast
between reservoirs inside and outside the rigid pressure housing, making use of the
Archimedes principle. The change in buoyancy required to move toward the new target depth
at an appropriate rate was calculated from the vertical velocity (difference in depth over the
preceding 10 s) and depth error (difference between current and target depths.) The intent of
the program was that buoyancy change would be limited to values below what would cause
migration velocity (dZ/dt) to exceed the maximum swimming speed for the plankton species
being imitated.

Field Test of Multiple Cues and Velocity Regulation:
Both the ability of the ABLE to modulate speed in response to multiple sensor readings and
its ability to match its depth profile to the calculated target depths, thus matching vertical
velocity, were first tested in the field in the quiet water of a 20m deep flooded quarry, where
external forcing by currents was negligible. The ABLEs were attached by slip rings to
vertical lines that allowed them to move freely up and down but not to drift into shallower
water or too close to the quarry walls. The equation for the vertical migration was derived
from the “red tide” dinoflagellate Karenia brevis, which in our model moves at a maximum
of 1 m hr-1 on a diel cycle, with speed modulated by cues in the immediately surrounding
water and by the physiological state of the organism (photosynthate accumulated versus
nutrients taken up) as described above. The ABLEs logged the sensor measurements for light
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and temperature (used as a proxy for nutrients) and the uptake rates of photosynthate and
nutrients calculated from those values. We compared migration velocities with uptake rates
to verify that the ABLEs were using readings of both the temperature and light to modulate
the speed, in conjunction with readings from the internal clock to determine direction. The
devices simultaneously logged the calculated target depths and the depths actually achieved.
Comparing the calculated and achieved velocities and depths allowed us to determine if the
ABLEs were migrating at a planktonically realistic speed throughout the deployment despite
constantly modulating their position in response to environmental changes, and how closely
they adhered to their dynamically-calculated target depth profiles.
ABLEs programmed with the same Karenia brevis behavior model were then deployed
offshore near Destin, FL to determine if they could exhibit these same vertical behaviors
when experiencing additional forcing due to natural water motion. Their program was
intended to result in a diel migration starting from near the bottom of the water column. The
logged values for target and achieved depths, and the programmed and achieved migration
speeds, were again compared.

Lagrangian Transport with Intended Water Mass (Drift Error)
Comparison to Conventional Drifter Technology:
To determine if the drift of our quasi-Lagrangian instrument away from the intended water
mass was low, we compared trajectories of the ABLEs with those of two conventional drifter
types that have known drift error rates, assuming that they are configured to maintain a drift
to drag ratio of >40:1 subsurface: surface area. As noted above, recording the track of any
oceanic drifter requires that it obtain a sequence of GPS positions (“fixes”) via an antenna
either permanently or periodically at the surface. Since ABLE rises to the surface only when
programmed to get a fix, and has no surface signature while at depth, its departure from true
Lagrangian transport instead occurs as a result of the time it spends outside of the water
parcel of interest during those excursions to the surface. To field-test the divergence of
ABLEs from the drifters with known error, we co-deployed three in the Gulf of Mexico off
Destin, FL along with a Pacific Gyre holey sock drifter (Niiler et al. 1995), once in 2008 and
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once in 2009. Two of the ABLEs were programmed to migrate vertically on a diel cycle with
an approximately 10 m amplitude, modulated by changes sensed in the external environment;
the Pacific Gyre drifter had its drogue suspended to span the expected 10m vertical extent of
the ABLEs’ diel migration. A third ABLE was programmed to remain at the midpoint depth
of the holey sock’s vertical drogue. The ABLEs and holey sock drifter were deployed
simultaneously for 24 hours (one diel migration cycle) to observe tracks and measure
divergence, using the R/V Pelican, which remained near the drifters during the deployment to
monitor environmental conditions. During the second (2009) deployment, an additional
ABLE drifter programmed to remain at 1 m depth was released in conjunction with a
Brightwaters CODE drifter (Davis 1983, 1985) with its drogue centered at 1 m depth, to
measure path divergence of the two devices in the presence of near-surface effects from
winds and currents. Differences in position were determined at approximately 4 hour time
intervals with linear or spline-fit curve extrapolations made for differences in GPS fix times.
Divergence rates between any two drifters were calculated from increases per unit time in
distance between them.
To interpret likely causes of potential divergence of the ABLEs from the conventional
drifters, we measured both the wind and current velocities from the nearby ship via MIDAS
and an RDI Workhorse ADCP, and compared them to the changes in distance between the
various drifters at evenly spaced time intervals to compare the paths. The divergence from
transport of a target water mass (i.e., departure from true Lagrangian transport) is already
quantified for both the CODE and Pacific Gyre drifters, as <1 cm s-1 under mean wind
conditions of 8 m s-1 (Niiler et al. 1995). We used the upwind/upstream or
downwind/downstream displacement of the ABLEs relative to those conventional drifters to
comment on the likelihood that the ABLEs are remaining with the intended water mass as
well or better than their conventional counterparts. GPS positions were recorded by the
Pacific Gyre and CODE drifters at 5 minute intervals, and by the ABLEs when they made
excursions to the surface every 4 hours. Because the GPS fix times were staggered to allow
shipboard detection of surfaced ABLES (by VHF beacon,) we compared the simultaneous
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positions of all the drifters by extrapolating them from a spline-fit curve between the
recorded GPS fixes.

Comparison to Dye Cloud:
The ability of ABLEs to remain with a water mass within an estuary was measured by
releasing multiple ABLEs within a cloud of fluorescein dye (approximately 50g fluorescein
dissolved in about 10 L of water from the release site) near the Beaufort Inlet (34.708907° N,
76.679062° W) at the beginning of flood tide on two consecutive days. The chase boat
followed the ABLEs and sampled the adjacent water with 30 cm syringes at 30 minute
intervals. The intent was to measure dye concentration with a spectrophotometer; its presence
near the ABLEs would indicate that the ABLE was remaining with the dyed water parcel.

Comparison to Live Plankton:
We assessed the ability of the ABLEs to follow the same water parcel as a “cloud” of
plankton by releasing multiple ABLEs along with live crab megalopae that had been
genetically tagged for a release-recapture study (Forward and Ritchof, pers. comm.) Two
ABLE drifters were released in conjunction with 280,000 Callinectes sapidus megalopae
near Beaufort Inlet at the same coordinates as the dye (Figure 13a) at the beginning of that
month’s nocturnal spring flood tide. The objective was to correlate the horizontal position of
each ABLE to the number of recaptured megalopae from nearby nets. Tagging was done to
differentiate them from the wild population, which would also sense the salinity change,
migrate up into the water column, and be transported up-estuary by the incoming tide. The
drifters were programmed to remain 1 m below the surface to imitate the behavior of the
megalopae during flood tide transport, using a planktonically realistic swimming speed, with
a maximum speed of 1 m hr-1, to attempt to counteract displacement due to turbulence. To
reveal the strength of vertical displacement by turbulence they were programmed to log their
actual depth. To measure presence of released and tagged planktonic organisms, a plankton
net was towed across the width of the estuary near each drifter for periods of 5 minutes at 30
minute intervals. Additional, continuous tows were conducted by teams at fixed points in the
waterway on both sides of Piver’s Island with consecutive 1 hour tow times to attempt
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recaptures from the tagged population and then note the timing of highest concentration
relative to the position of the ABLE. Tagged larvae were identified by R. Forward at Duke
University.

Evaluation of Practicality as a Field Instrument
The design of ABLEs as instruments for both coastal and estuarine studies has evolved over
three decades of development and testing; here we will present evaluations of ease of
calibration, programming, tracking, and recovery of the version in use at the time of this
study.

Calibration: Feasibility of calibration in the field was assessed using the most challenging
sensor to calibrate, the light sensor. Light measurements rely on an optical fiber bundle that
conducts light from an external Teflon diffuser ball to a sensor on the printed circuit board
inside the pressure housing. Since each time an ABLE is disassembled and reassembled (e.g.,
to charge the batteries,) small changes in the position of the light-conducting bundle over the
sensor might cause a shift in the subsequent light measurements, we recalibrated every time
the light fiber was reconnected. ABLE sensors were calibrated against a LICOR LI-250A
meter attached to a LICOR LI-193 Spherical PAR sensor by placing both through a hole cut
into the bottom of a cardboard box (30 cm x 30 cm x 50 cm deep) lined with white paper,
open above to the sun, and setting the ABLE sensor to the reading given by the LICOR. For
each calibration, when 6 consecutive readings from both the ABLE and LICOR meter were
within 10 µmol quanta m2 s-1, the calibration was considered successful. Consistency
between sensors was tested by comparing readings from multiple ABLEs both when they
were placed together inside the calibration box along with the LICOR and then when they
were at similar depths and conditions during deployments.

Uploading New Software/ Downloading Data: Uploading new programs and
downloading data are accomplished using a 9600 baud infra-red (IRDA) interface consisting
of an embedded module on the end of a serial cable (RS-232) from the host computer. Speed
and success of data/program transfers were assessed by timing data transfers, noting transfer
failures, and identifying the cause of those failures in order to prevent or eliminate them.
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Deployment, Tracking and Recovery: ABLEs were deployed in a flooded quarry,
estuaries, and ocean environments, from a variety of boat types ranging from a ~2.5 m jon
boat to the ~41 m R/V Cape Hatteras, a UNOLS coastal research ship. We assessed the
feasibility of tracking the ABLEs underwater by the signals from their ultrasonic (35 KHz)
pingers, using a directional hydrophone and ultrasonic receiver (Sonotronics.) We varied the
frequency offsets between ABLEs and tested the effects on users’ ability to distinguish
multiple units. We also estimated the maximum distance over which the pingers could be
heard from the small boats in estuaries and offshore.
We assessed the practicality of tracking ABLEs at the surface (when the units were awaiting
a GPS fix or recovery,) using their VHF radio beacons and high-brightness LEDs. The VHF
beacon (151-152 MHZ) pulse-encoded partial data from the most recent GPS fix: minutes of
latitude and longitude (last two digits and first two decimal places,) and the time (minute in
the hour.) The signal was received by a wildlife tracking receiver (Telonics TR-4) with
directional antenna (Telonics RA-14K H-type.) The receiving antenna was mounted on a 1 m
handheld staff, and the user scanned horizontally to estimate the azimuth to the ABLE, and
then transcribed the pulse sequence to obtain GPS position. We estimated the distance over
which the VHF signal could be heard by using two boats offshore near Sarasota, FL. One
boat remained with the ABLE while it transmit position for recovery near the C15 buoy
(27.298 ºN, 82.641 ºW) while the other vessel headed back toward the Sarasota Inlet,
continuously listening for the signal and recording where it was lost.
During recovery attempts, the visibility of the ABLEs current paint scheme and their highbrightness flashing LEDs was assessed using the distance from which ABLEs could be
spotted and time required for recovery. The top of the device was successively either red
paint, brushed unpainted aluminum, or neon orange, while the LEDs were either narrowbeam devices, or ones abraded to make them more omnidirectional. Two versions of the drag
skirt also were tried: yellow and black. After the support vessel used the position broadcast
by the ABLEs VHF antenna to move to that general area, the difficulty or ease for multiple
researchers to sight the ABLEs for recovery using these combinations was noted using the
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distance at which researchers first got a visual fix on the ABLEs, and how long it took to
recover them, and how difficult it was to get them aboard.
Robustness, endurance, and cost were evaluated during the course of unrelated experiments.
In “experiments of opportunity” the durability of the instrument was tested by collisions with
sailboats, motor boats, and a freighter. The endurance of both battery and memory capacity
in the ABLE was tested during long deployments. Deployments typically began with the
batteries given a full charge that averaged ~9.15 V (with a maximum of ~9.3 V) and were
programmed to return to the surface if battery capacity dropped below 8.2 V to preserve
some of the battery capacity for transmission of the GPS position for retrieval. By
consistently charging the battery pack to full capacity and emptying the memory before every
deployment, duration of battery as well as memory capacity could be determined by noting
the length of time either ran low. Cost of construction was estimated by summing the price of
materials and components, printed circuit board production, machine shop charges, and labor
for assembly (using student hourly labor at $10 hr-1.)

95

4.3 RESULTS

Detection of Migration Cues
Sensor Resolution:
Pressure: ABLEs that were resting on the bottom of a laboratory water column indicated
depth variations, or “dithering,” of 0.01 m between consecutive readings, with up to 0.02 m
variation over 10 consecutive sampling periods. The resolution of the sensor was therefore
considered to be 0.02 m.
Temperature: In the laboratory tank at constant temperature, measurements over the course
of an hour differed by no more than 0.06 ºC. This corresponds to a 1-bit change in the output
of the microcontroller’s analog-to-digital converter, and is the resolution of the sensor and
signal-conditioning circuitry.
Salinity: The salinity-sensing circuitry gave measurements of conductivity, when precision
resistors were substituted for the expected resistance of the conductivity cell from S=5 to S =
40, that were very linear (R2 = 1 using Excel curve fitting.) Temperature correction of
conductivities was accomplished by linear interpolation to reduce computations; this
simplification had an error of 1% at S = 5 to 0.5% at S = 35. Corrected conductivities were
converted to salinities using a 2nd order formula derived from standard conductivity-salinity
tables. Although this formula too was greatly simplified, the curve fitted to the data by Excel
also gave R2 = 1. The theoretical resolution, based on the number of oscillator cycles
counted, was equivalent to 0.002 psu. When the conductivity cell was placed in a bucket of
constant salinity seawater, variation between consecutive readings of salinity was 0.01, but
up to 0.06 over the course of 10 readings. This dither is in part due to the digitization errors
in the temperature sensor as the conductivity is corrected for temperature to determine the
salinity; according to our calculations, each 0.06 ºC change in temperature would have
resulted in changes of 0.03 psu. The conductivity cell, although functional in a bucket, was
disabled whenever the ABLE was completely immersed in the field; we had failed to
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recognize that the GPS antenna assembly would provide an alternative current path to ground
and thus short it out.
Light: Extrapolating from the calibration point using the sensor’s light-frequency
relationship, the lowest ambient light level detected by ABLE sensors in quarry experiments
averaged between 0.223-0.300 µmol quanta m2 s-1 at depths ~15 m and an average of 0.501
µmol quanta m2 s-1 for the stationary ABLEs at ~3 m. Not having a natural light source with
precisely-controlled output, we arrived at a conservative sensor threshold of 1 µmol quanta
m2 s-1 by doubling the averaged minimum light levels detected.

Detection of Environmental Change:
Both ABLEs and four of the deployed dataloggers successfully recorded data, while later
problems with the Seabird CTD made its data irretrievable. The dataloggers were therefore
used as the point of comparison for the ABLEs depth and temperature sensors to demonstrate
the environmental variations were real and not an artifact of an instability in the sensors. The
ABLEs’ conductivity sensors were disabled during these experiments due to a design
oversight (spurious connection to ground,) and the dataloggers were used as surrogates. They
relied on similar, albeit smaller, graphite-electrode conductivity cells. They were designed to
log salinity data with coarser resolution, but provided a rough test of whether ABLEs would
sense salinity changes once the design flaw was corrected (and log them with higher
resolution.) One ABLE, programmed to log data every minute, stopped recording after 4
days when its memory was full (ID# Peev) while the other, logging every two minutes,
recorded for the full 6 days (ID# Herm.) One of the CTD dataloggers did not record salinity
because an organism settled within its conductivity cell. Another recorded the same temporal
trends in salinity as the remaining units, but not the same absolute salinity values; that sensor
also failed after several days, apparently because of larval settlement blocking the
conductivity cell. Offsetting the record of this unit by 28 psu put it into the same range as
those of the other units and facilitated temporal comparisons, below.
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Variations in Temperature and Depth Sensed near the Benthos from
Four Datalogger CTDs and Two ABLEs Moored on the Bottom of
the Indian River Estuary, FL, Dec 2006
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Figure 2: Temperature profile recorded by four in-house datalogger CTDs attached to two ABLE near
the benthos in the Indian River Estuary. (The temperature fluctuations (upper lines) each correspond in
color to the respective recorded change in depth of the overlying water (lower lines.) The ABLEs are the
bright red and black profiles. The thin black line is a moving average of the Herm (red) pressure sensor
to allow a comparison to the change in magnitude of the dataloggers.)

Detection Ability: General Tide and Weather Conditions
At the mooring location, at the base of the Smithsonian Marine Station dock, all pressure
sensors provided a clear record of tidal rise and fall of the overlying water (Figure 2). The
salinity and temperature variations had a visible semidiurnal period, but not exactly in phase
with the changes in water height (Figure 2-3). Light levels measured 50 cm from the bottom
of the estuary by the ABLEs show drops (increases in turbidity) (Figure 4), during the
daylight hours corresponding to the low salinity pulses in the datalogger records. Changes in
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wind forcing were synchronized with the breakdown in semidiurnal periodicity of the
temperature (Figure 2) and the salinity (Figure 3). For the first four days, winds were steady
from the N to NE (Julian Days 342-345.) Winds shifted to an onshore (East) wind on JD 346;
the salinity and temperature data lost a distinct periodicity at approximately the same time.

Variations in salinity from 3 Dataloggers attached to ABLEs
Moored on Bottom of the Indian River Estuary, Dec 2006
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Figure 3: Salinity and depth measurements from 3 in-house CTD dataloggers placed at 7cm, 25cm, and
50 cm from the sediment surface off the Smithsonian Marine Station dock in Ft. Pierce in the Indian
River Lagoon estuary. The salinity sensors have the same design principle as the salinity sensors on the
ABLEs, but with a coarser scale sensitivity to change. (Note that the data from the 50 cm datalogger
(blue) indicates only relative salinity change and not an actual salinity measurement, probably due to
observed biofouling of the instrument, also accounting for the early failure noted by the sudden
downward trend on Julian Day 346.)
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Detection Ability: Migration Cues
Our point of comparison between instruments were temperature and depth, for which the
same fluctuations in all records were both synchronized in time and of the same magnitude,
indicating that these ABLE sensors were recording real environmental changes rather than
instrument noise. During one randomly selected tidal excursion for instance, an ABLE
measured a temperature change of 1.56 ± 0.06 ºC, while the dataloggers recorded a change of
1.125-1.5 ± 0.125 ºC. In addition, the ABLEs and datalogger devices all maintained the same
offset of absolute temperature (and depth) relative to each other throughout the deployment,
indicating that the ABLEs were not subject to instrument drift, or to losing their calibration
over the duration of the deployment. The logging interval did not appear to change the
resolution of the temperature recorded (no increase in “noise”,) reading-to-reading variation
remained 0.06 ºC, which indicates a slow, steady change over time as would be expected
from temperature (and salinity) during a tidal change in a shallow area.
The salinity detection of the ABLE could not be assessed during the mooring field
experiment due to the design error mentioned above, but a clear salinity signal synchronized
with the temperature and depth fluctuations was recorded by the dataloggers that were
operating simultaneously (Figure 3). Even with their low resolution (0.125 psu as opposed to
the ABLEs laboratory-determined resolution of 0.06) they detected tidal periodicity for
several days, until wind mixing obscured fluctuations in temperature and salinity. Had the
very similar ABLE sensors not been disabled during this experiment, they would have
detected the changes in salinity over the tidal cycle.
The depth sensors of the ABLEs and dataloggers also registered the same magnitude of
environmental change during each tidal cycle, although one was noisier than the other. While
the laboratory-determined depth resolution for the sensor was 0.02 m, the ABLE readings
could show variations of 0.075 m (#Herm) or 0.03 m (#Peev) over the span of a few minutes.
During one tidal excursion, the tidal amplitude recorded by the Peev ABLE (logging every
minute) was 0.51 ± 0.03 m and that recorded by the dataloggers (logging every 6 min) was
0.5 ± 0.12 m; during this same period, however, the Herm ABLE (logging every 2 min)
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recorded a larger maximum absolute tidal amplitude of 0.7 ± 0.075 m. When a moving
average of the Herm ABLE was used to smooth the data as if it had been recorded every 6
minutes, however, the average tidal amplitude detected was also 0.51 m, and with the same
absolute depth as the Peev ABLE. The variance in pressure measurements by the ABLEs
could be attributed to small surface waves, such as those generated by wind, or the potential
that the devices were moving slightly against the dock pilings, one more than the other.
The ABLEs both detected the same variations in light during this deployment (Figure 4), and
consistency between the two devices implies that the fluctuations in light are due to the
changes in turbidity, cloud cover, or water depth rather than sensor variability. The offset
between the two devices is < 2 µmol quanta m2 s-1 (Figure 5), which scarcely exceeds the
precision of calibration, and is not unexpected given that the devices did not record data in
synchrony. At sunrise and sunset, the initial light threshold average was 0.501 µmol quanta
m2 s-1, as mentioned earlier.
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Figure 4: Light variations in the Indian River Estuary from two ABLEs moored at the bottom during the
period when both devices were recording. Depth changes were also plotted to show light variations in
relation to tidal stage.
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Figure 5: An examination of light changes in the Indian River Estuary over a shorter time sequence than
in Figure 4 to see differences between the two instruments, moored approximately 10 m apart at the base
of adjacent dock pilings.

Detection Ability: Rates of Change
Some sets of cues depend on rates of change rather than instantaneous values, and these
changes are not necessarily linear as they are in a laboratory. Temperature and salinity
(Figure 2-3) varied during each tidal cycle in ways that would make detection of the
appropriate time for migration difficult if the ABLEs if using only instantaneous values. To
assess rate of change, we examined the 1st derivative of the temperature data over multiple
time scales and compared it to the raw temperature change (Figure 6), which in this instance
was ~1.7 ºC. Examining dT/dt with a time step of 1 or 2 measument intervals did not yield
any discernable migration cue for the ABLE due to high-frequency variations (including
digitization artifacts.) A clear upward or downward trend utilizable by the ABLE did not
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become reliably detectable until dT/dt uses a 5 minute time step (using a running average,)
with increasing reliability as the detection interval increases to 10 or 20 minutes. For any new
organism the ABLE will simulate, therefore, such data of the time over which to assess rate
of change would need to be collected prior to use in any plankton behavioral model in order
to filter out environmental noise.

First Derivative of Temperature Changes from Sensor with
Different Time Steps to Show Gradients
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Figure 6: Change in temperature over time for a short time sequence of the ABLE mooring experiment,
showing the averaging time necessary for a sensor or organism in situ to detect a trend in the
temperature fluctuations. The tidal change was evident when looking at a long time sequence, but for
dT/dt with a t of 1 minute or 2 minutes (gray,) no rise or fall in temperature was distinguishable. Once
t=5 (orange) or 10 minutes (purple,) the ABLE software would sense a temperature change signifying an
appropriate time to migrate off the bottom.
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Vertical Migration Control
Migration Stimulus using Multiple Cues:
The ABLE integrated values from multiple sensor readings successfully to calculate new
target depths during deployments. Migration speed was successfully modified based on two
cues in the immediately surrounding environment, PAR and temperature (Figure 7, yellow
and gray lines), by modulating the depth read from the pressure sensor to set a new target
depth at the next time step. At each these time steps, the PAR and temperature values were
used to calculate new “internal cellular pool” levels of photosynthate and nutrients (Figure 7,
blue and green lines) using rate equations in the program based on laboratory behaviors of
plankton (Kamykowski et al. 1998). The program then used the relative fullness of those two
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Two "Internal Cellular Pools" (C and N) that control depth, being
regulated by reading an ABLEs Temperature and Light Sensors in
Rolesville Quarry, NC 07/2008
1000

140
120
100
80
60
40
20
0

800
600
400
200
0
0

500

1000

1500

2000

2500

ABLE Sensor Reading Number (time steps)
Temp

C pool

N pool

3000

Photosynthetically Active Radiation
(PAR)
(µmol quanta m-2 s-1)

pools to modulate swimming speed. (For a complete explanation of formulas, see Chapter 1.)
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Figure 7: Targeted vs. achieved vertical migration speeds in an ABLE migrating drifter as well as the
intermediate calculation steps used as weighting factors to determine opposing swimming speeds. In this
deployment, the vertical swimming speed in the ABLE was modulated by two sensors that were read at
every time step, where the blue and green lines illustrate the intermediate calculation steps being used as
opposing weighting factors to determine swimming speed. The temperature (gray) falling below a certain
level caused a rate increase in the "N pool" driving factor (green). The presence of light (yellow) caused
an increase in the “C Pool” weighting factor. The program then used the relative levels of the two pools to
increase either the upward or downward swimming speed during the next time step.
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Migration Velocity:
The ABLE controlled ascent and descent speed in the quarry environment (Figure 8) at a
biologically realistic speed that did not exceed Karenia brevis’s 1 m hr-1 (McKay 2004).
When programmed to modify migration speed in response to changes in temperature and
light (described above,) the ABLE varied speed between < 0.42 and 0.9 m hr-1 (Figure 8,
labeled points), according to the “needs” of the organism dictated by the behavioral model in
the program (see Chapter 1 for details.) When an ABLE with a similar behavioral migration
profile program was released in open ocean conditions, the ABLE again maintained the depth
profile described by its behavioral program, moving within the targeted vertical velocity
range of 0.79 m hr-1 (Figure 9).

Targeted vs. Achieved Depth by an ABLE Programmed to Migrate
as Karenia brevis in Response to Temperature and Light in
Rolesville Quarry, NC 07/2008
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Figure 8: Targeted vs. achieved vertical migration speeds in an ABLE in a flooded rock quarry. During
this deployment, the ABLE was programmed to vertically migrate as Karenia brevis on a diel cycle with a
migration speed 0.42-0.9 m hr-1, but modified by the relative fullness of two "internal pools" (green and
blue lines.) The ABLE maintained the targeted depth and thus mimicked the migration velocity of that
phytoplankton. The points extending vertically from the intended migration path are periods when the
ABLE was returning from the surface after collecting and transmitting GPS data.
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Targeted vs. Achieved Depth Maintenance during an ABLE
Deployment, Gulf of Mexico, Destin, FL 2009
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Figure 9: Targeted vs. achieved vertical migration speeds in an ABLE released for 24 hours in the Gulf of
Mexico and programmed to behave as Karenia brevis. The achieved migration followed the targeted
migration depth closely, with a migration of 0.79 m hr-1. The vertical deviations from the migration path
are when the ABLE left the target water mass to travel to the surface for a GPS position.

Lagrangian Transport with Intended Water Mass (Drift Error)
Comparison to Conventional Drifter Technology:
When three ABLEs were released simultaneously with a conventional Pacific Gyre holey
sock drogue in the Gulf of Mexico, the devices remained in proximity throughout the
deployment. The ABLEs remained closer to each other than to the Pacific Gyre drifter
(Figure 10, right), however. The track of the Pacific Gyre drifter diverged to the south after
about 10 hours (Figure 10, left). This corresponded with winds from the North exceeding
10m/s. The drift rate away from the water mass being tracked by a Pacific Gyre drifter is
<1cm/s at wind speeds below 10 m s-1 (Niiler et al. 1995), but has not been measured at
higher wind speeds. The ADCP did not record useable data. The correspondence between
increased wind speed and the PG drogue’s direction of deviation from the courses of the
ABLEs suggests that the ABLE are more likely to be closer to the true trajectory of the water
mass of interest.
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Figure 10: GIS representation of 3 ABLEs that were deployed with a Pacific Gyre holey sock drifter in
the Gulf of Mexico off Destin, FL in 2008. The overhead view of GPS tracks (left) shows the path of the
Pacific Gyre (green) and ABLE drifters (other tracks) over ~24 hours. On right, the distance between the
drifters at 4 hour intervals shows the divergence over time of drifters with different behavioral models.
(To compare the positions of all devices at evenly spaced intervals, differences in their positions were
determined at the 4 hour time intervals by using linear interpolation to estimate the location of each
drifter between true GPS fix positions. The Pacific Gyre drifter had difficulty in getting a GPS fix due to
wave action, so the position during the last few hours of the deployment were not recorded.)

When four ABLEs were released in conjunction with two conventional drogues in the same
region in 2009, this time in depths of 36-40 m (~24 km further offshore,) the devices
exhibiting similar depth profiles remained close to each other throughout the deployment.
Two ABLEs migrated on a diel cycle (one of them not recovered,) while one maintained a
constant depth at 26 m along with a Pacific Gyre holey sock drifter with a drogue vertically
centered around the same depth (Figure 11). Traveling in another direction with the surface
water, one ABLE at 1 m remained near a Brightwaters CODE drifter with a drogue at 1 m.
For the period when the GPS position of the 1m ABLE was successfully recorded, the two
devices remained < 200m apart over 24 hours (Figure 12), following a wind driven
trajectory. The ABLE at 26 m remained <60m away from the Pacific Gyre drifter drogued at
the same depth. The migrating ABLE diverged from the trajectory of the constant depth
ABLE and drogue ~350 m after 24 hours. One of the two migrating ABLE was not recovered
due to software failure, so no determination can be made about the similarity of their
trajectories, but the migrating devices appeared to remain close to each other based on visual
sightings during GPS fixes early in the deployments. Wind speeds during this period were
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<10 m s-1, giving the conventional drogues a known slip rate. That the ABLEs maintaining
the same depth as the middle of the drogue stayed close to it indicates that the ABLEs were
following the same water mass as the conventional drifters. The cable for the ADCP ruptured
during deployment, so again the currents could not be determined independently. The
divergence of the behaving drifter(s) from the drogue and fixed-depth ABLE, however,
indicates the possibility that the water was moving at different speeds along the vertical path
of the migrating ABLEs. More replication would be needed to confirm that the behaving
drifters are following the targeted water mass more closely than could a static-depth drogued
drifter, rather than simply incurring error from a different source.

Figure 11: Drifter tracks during the BENDIM3 cruise ABLE deployment near Destin, FL in 2009. Two
ABLEs were released with one Pacific Gyre holey sock drifter to travel at ~26 m (left) and simultaneously
another ABLE was released with a CODE drifter to travel 1 m below the surface (right.) Wind speeds
over time are superimposed on the maps in the lower left corners. (The water at depth (left) was moving
in a different direction than the surface water (right) so the tracks are not displayed on the same maps.)
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Figure 12: Distance between drifters of multiple types at 4 hour intervals, interpolated at those intervals
by using known GPS positions at other times for each drifter. The deployment was conducted on the
BENDIM3 cruise for ~24 hours off the coast of Destin, FL.

Comparison to Dye Cloud:
The ABLEs were successfully tracked within the estuary during flood tides, but the dye
cloud dissipated too quickly (undetectable after 20-25 min) to allow comparing its location to
those of the ABLEs. The water samples were therefore not analyzed spectrophotometrically
because even if dye were detectable, no assessment about the extent of the dye cloud away
from the ABLEs or the ABLE’s position within it would have been possible with this
method.
All of the ABLEs were transported with the flood tide, with the initial position of the ABLE
across the channel appearing to influence the trajectory followed by that ABLE as well as the
transport speed. The drifters released to the left of the channel center (Figure 13, green)
travelled towards the Radio Island bridge connected to Piver’s Island, but with one becoming
entrapped by a marina dock structure before reaching the bridge itself. The ABLEs released
to the right of center in the channel (Figure 13, purple) were both transported along Taylor
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Creek, faster than the ABLE on the bridge trajectories. An ABLE released in the center of the
channel (Figure 13, white) was transported around the right side of Piver’s Island rather than
the left and merged in a shallow seagrass bed area with the ABLE tracks from the bridge
trajectory.

Comparison to Live Plankton:
The two ABLEs diverged during the deployment with blue crab megalopae and were
transported to different parts of the estuary by the flood tide just as plankton undergoing
flood tide transport would be. Although the two ABLEs were released simultaneously < 100
m apart on either side of the center of the channel, they traveled along two different
trajectories soon after release. The ABLE released on the left side of the channel (using an
overhead view perspective facing towards the West) traveled along the green track (Figure
13, bottom) to pass under the Radio Island bridge where the 1 hr consecutive tows were
being conducted with the large plankton nets. The peak number of megalopae captured in the
nets occurred during the same hour that the ABLE (seen by its flashing LED) passed next to
the plankton net under the bridge (R. Forward, pers. comm.) The other ABLE released near
the center-right of the channel (pink track, Figure 13) traveled down Taylor Creek, with only
one megalopa captured in the surface net tows conducted near the device.
Although the ABLEs were both transported with the flood tide and with megalopae
undergoing flood tide transport, 100% of the captured C. sapidus megalopae were from the
wild population. No genetically marked C. sapidus megalopae were recaptured in any of the
nets; apparently tagged megalopae were not transported by that flood tide to the netting sites.
It should be noted that although it is not visible in the recorded GPS track due to the GPS
logging interval, in this night deployment the blinking LEDs on the top of the ABLE units
allowed us to see that the drifters moved towards the inlet mouth for the first 40 to 50
minutes after their release. Presumably the marked megalopae also were carried seaward at
the outset.
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Figure 13: The release points for three different deployments (top) and horizontal GPS tracks (bottom)
near the Beaufort Inlet in Beaufort, NC in July 2009, all at the beginning of flood tides on two consecutive
days. (The colors indicate which direction the ABLE ended up traveling.)
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Evaluation of Practicality as a Field Instrument
Calibration: Calibrating the ABLE accurately was consistently achieved in clear sky
conditions, with successive readings after calibrating (still in the calibration box) yielded
values within 10 µmol quanta m2 s-1 of the meter readings. The presence of clouds, however,
caused large fluctuations in the readings; the light registered by the meter typically changed
200 - 400 µmol quanta m2 s-1 before the user had time to enter that value into the software. A
comparison after successful calibration was made on two successive days in a flooded quarry
in Rolesville, NC between two ABLEs with the same behavioral program. The first,
according to the weather report, had mostly clear skies; the second day had light cloud cover.
Variations sensed by the two devices were synchronized because the depths of the two
devices were very similar (Figure 14). With the exception of light at the surface, which was
not recorded at precisely the same time, variations in light registered by the two devices
occurred at the same time and were often within 25 µmol quanta m2 s-1. A comparison of one
arbitrarily chosen sequence during this deployment showed an asynchrony < 3 minutes
between the two device measurement times, with one device consistently shallower than the
other by an average of 0.16 m and a higher light reading by 16.15 µmol quanta m2 s-1.
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Figure 14: Comparison of light sensors on two ABLEs that were calibrated prior to deployment in a
flooded rock quarry in Rolesville, NC. The first of the two days had mostly clear skies. The second day
had small, thin clouds.

Uploading New Software/ Downloading Data: Both the download and upload process
was rapid and error-free if optically and electrically isolated, with an ~8 minute write time to
upload a new program to the ABLE. Initially, intermittent problems were encountered with
program uploads being aborted. Eventually we realized that the 120-Hz fluctuations in output
of the fluorescent lighting in the laboratory were interfering with the IR transfer, and the
problem was eliminated by covering the IR interface with a dark cloth. Voltage spikes from
the external power supply used to charge the ABLE batteries also could interfere with
communications; this was cured by using battery power during data transfers.

Deployment, Tracking, and Recovery: Deployment from all vessels was a straightforward
process. In all cases, the boat needed to be either stationary or drifting with the current rather
than underway, as with any drifter deployment. Immersing the ABLE in a bucket, using a
syringe to clear air from the salinity sensor tubes, and then lowering that bucket over the side
into the water proved to be the most consistent, error-free method of deployment. This was
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accomplished more easily from a small vessel than from a large one because of the height if
the deck from the water.
For tracking underwater, we found that by tuning each ABLE to a different frequency, it was
possible to triangulate their positions underwater from any small boat. Pulse-encoding their
depth into the pinging signal provided 3D tracking and improved our ability to understand
the behavior. This triangulation proved particularly valuable in the few instances that an
ABLE became trapped in a dock or bridge support structure and needed to be freed manually.
In low-noise conditions, the ABLE direction was identified >4 km in quiet offshore waters in
Sarasota. In areas with high boat traffic, such as inlets, boat motors are louder than the pinger
signal, but during a quiet period, an ABLE was detected > 0.75 km away. When boat traffic
was heavy, on the other hand, ABLEs could be located only from short range because the
broad spectrum noise from boat engines obscured the pinger signals. From larger vessels,
such as the R/V Hatteras or the R/V Pelican, listening for the pingers was more problematic
than in estuaries because the engine noise from the ships obscured the signal at all times.
Turning off the main engine and generators on a large vessel was not an option for long
periods due to rapid ship drift off-station, but using a small boat to move away from the ship
with the hydrophone receiver was an effective and simple alternative method. Fish finders
also drown out the ABLE pinger even when it is within 20m of the tracking vessel.
Tracking at the surface using the VHF receiver gave both direction and rough distance, with
a useful range of > 6 km. The range trial off Sarasota FL was terminated at a distance of
about 6 km even though the signal remained detectable, because voice radio contact was lost
between the two vessels conducting the experiment. To obtain maximum range, users needed
to be trained to distinguish ABLE’s narrow-band beeps from extraneous, broad spectrum
signals emanating from other vessels nearby. During periods when GPS fixes were being
transmitted, greater success in recording the full transmission was achieved if an individual
listener was assigned no more than three ABLE frequencies to monitor simultaneously. The
narrow-band wildlife tracking receivers can be tuned to only one frequency at a time and
must be manually switched to record each GPS transmission. Interference between ABLEs
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was minimized by staggering the programmed fix times so that only one or two ABLEs were
at the surface simultaneously.
The retrieval process itself was simple from the side or stern of the various vessels used,
relying on manual capture using a large dip net with a handle length appropriate for the
freeboard. Recovery typically took about 30 minutes from detection of the VHF radio signal,
and was facilitated by using the directional hydrophone at close range and particularly by the
LED beacons after dusk. When a group of ABLEs had traveled several km in multiple
directions, some ambiguities were encountered because the VHF signal only encoded the last
two minutes of the GPS latitude and longitude, and sometimes a degree boundary was
crossed. These occasions delayed recovery by as much as 30 minutes. Including the degrees
in addition to the decimal minutes and seconds would therefore aid recovery and has been
included in a more recent version of the ABLE design.
Dusk recoveries, which incorporated both visual sighting and use of the LEDs in
conjunction, proved to be the most effective method (particularly when using large vessels,)
also usually accomplished in approximately 30 minutes from the time the ABLE first started
transmitting a position and the time the vessel was able to retrieve the unit. In daylight,
without the aid of the LEDs, the device was difficult to spot due to its small size and took as
long as 1 hour to find even using the VHF receiver to move close to the transmitted location.
The silver aluminum color was the most difficult to spot against the silver glints from the
water surface, on some occasions floating less than 10 m from the boat at the surface before a
user spotted it. The red and neon orange paint schemes both proved much more visible, as
did the yellow versus the black drag skirt. For night recoveries, the narrow-beam LEDs were
difficult to spot due to their directional nature; when the surfaced were intentionally abraded,
however, once lightly sanded they became fairly omnidirectional and their visibility was
limited more by wave action than by distance.

Robustness, Endurance, and Cost: The ABLEs exhibited sufficient durability for multiple
deployments per month, with units built later in this version’s development cycle still
maintaining their vacuum seal (and appearing to still be operable) 4 years after their last use.
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The robustness of the physical design was not impacted by the repetitive disassembly and
reassembly process from frequent, sometimes daily, use once some initial flaws in the choice
of glues, epoxies, and sealing methods were eliminated. The regulated neutral buoyancy
design with no floating surface structure proved to be a design asset when the devices were
operating in estuarine waterways with boat traffic because they sustained minimal damage
when struck by boats. Two of the devices floating together at 1m depth were hit by a
sailboat; both were forced deeper into the water column but remained operational, and were
recovered with only slight bends in their antenna masts and traces of transferred bottom
paint. When one of the ABLEs was run over by a much larger freight ship in an inlet, its
neutral buoyancy allowed it to be pushed down in the water column along with the water
displaced by the hull; it never contacted the hull and was completely undamaged. There are
limits; when caught between a rotating propeller and the bottom, an ABLE was forced into
the soft sediment and had to be removed by digging. The metal tubes housing the light fiber
cable for the PAR sensor and the cable from the GPS patch antenna both were ruptured,
causing seawater to leak into the device.
The instrument’s battery endurance was determined primarily by the usage of the ballasting
pump, because that is the main energy consumer. The user-determined frequency of GPS
fixes had the largest impact on battery life during a deployment as this process requires the
most pump strokes. For all deployments in which the software was regulating depth
correctly, the battery limitation was not reached before the preprogrammed retrieval time. In
the Rolesville quarry, batteries had ample capacity for deployments typically extending 6
days with GPS fixes occurring at 4 - 6 hour intervals (involving extensive pump use.) The
longest operational time was 10.74 days, using a logging interval of 5 minutes and a GPS fix
interval of 6 hours; at the end of that deployment, the battery was 8.508 V or 1.215 V cell-1,
exceeding the 8.2 V surfacing voltage, indicating that ample capacity remained. Memory
capacity is 1 MB and, depending on the number of variables logged, was exceeded on
multiple occasions. During the mooring experiment in the Indian River estuary, for instance,
all possible sensor readings were recorded by one ABLE at 1 minute intervals, so memory
capacity was reached after 91.02 hrs (3.79 days.) Most deployments in which a particular
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planktonic species is being imitated do not require data from all possible sensors to be logged
at high frequencies. ABLE’s user menu incorporates a notification of how long memory
capacity will support a given logging regime, so users can ensure that memory will not be
filled before recovery. The latest program uses memory as a circular buffer so memory
always will contain the most recent 8 MB of data.
Manufacturing ABLEs is labor intensive in a laboratory setting, as they were typically built
one or two units at a time and all mechanical components and sensors were custom designed
and built, not off-the-shelf units; nevertheless, we were able to build the instruments used in
this study for approximately $800 per unit (materials and labor.)
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4.4 DISCUSSION
The ABLE offers a new capability over existing technology through its ability to detect
environmental cues and migrate vertically in response to them. Examining the effects of
environmental cues on this migration behavior using the same Lagrangian perspective as a
planktonic organism may, for instance, separate reactions to environmental stimuli that effect
horizontal transport from reactions that are only important in an artificially controlled
laboratory environment. The potential effects of behavior on transport have, to date, been
assessed by inference (Sponaugle et al. 2002) from plankton tows, settlement collectors,
laboratory water column experiments, numerical modeling, and corresponding hydrographic
characterization of the water masses (e.g. Leis 1991, DeVries et al. 1994, Tankersley et al.
1995, Garvine 1997), but the missing component to our understanding is due to the Eulerian
nature of these methods. The ABLE is still under development, but experiments using the
current version have already been successfully used to understand the influence of nutrient
availability on transport for the dinoflagellate Karenia brevis in the Gulf of Mexico
(Chapters 1 and 2.) The utility of the ABLE for future studies of planktonic migration,
however, will depend on whether the difference between the capabilities of an ABLE and the
sensory capabilities of the organism being emulated are central to the research question being
asked or can be accounted for by proper experimental setup.
Understanding the difference between the sensitivity of plankton to environmental cues and
the sensitivity of the ABLEs’ sensors has important ramifications for interpreting the results
of an ABLE drifter study. In most cases, larval organisms cannot gauge their spatial position
from environmental cues in the immediately surrounding water. Even though some larvae are
capable of changing behavior in response to gradients in environmental conditions
(Kingsford et al. 2002) or even cues at a distance (Lillis et al. 2013), it is reasonable to
assume that migration behaviors typically are governed by conditions in the organism’s local
microenvironment. If plankton were “trying” to ride nocturnal flood tides (selective tidal
stream transport, or STST) in an environment like that at our mooring experiment, the mixing
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in shallow water and changes in weather might obscure the cues thought to be necessary for
this STST migration in some larval crab species (Tankersley et al. 1995). Megalopae that
descend to the bottom near the inlet may not always experience a change in salinity large
enough to trigger upward migration on all flood tides, or might be cued to migrate at the
“wrong” time. When using the ABLE to imitate these behaviors, any increases in the
sensitivity of the ABLE sensors to match those of the most sensitive plankton would require
several minute averaging times to ensure that migrations were not occurring as a result of
high-frequency noise in the signal rather than significant trends (Figure 6). Whether
planktonic organisms conduct this sort of averaging is a potential avenue for future
investigation. Whether the decision to migrate vertically up from the bottom coincides with
the phase of the tidal cycle that will produce upstream transport, or simply estuarine
retention, depends on the combination of cues that must be sensed, and in what hierarchy
they are processed, to reliably distinguish water flowing into an estuary from water flowing
out.

Detection of Migration Cues
Species-Specific Comparisons:
The ABLEs are currently capable of imitating a wide variety of planktonic species by
responding to stimuli in the environment. The sensitivity of planktonic larvae to the absolute
change in the environment for temperature, salinity, pressure, and light were well within the
detection range of the sensors built in to the ABLEs in many cases, with extremes outside the
detection limits noted (Table 1 - Table 4.)
Temperature and Salinity: ABLE’s temperature and salinity sensors had sufficient
resolution to match the sensitivity of many planktonic species (Table 1 – Table 2,) though not
quite as good as the temperature sensitivity of early stage menhaden larvae (Brevoortia
tyrannus), (Table 1.)
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Table 1: Temperature sensitivity comparison for plankton and the ABLEs. (Sensitivity of plankton to
temperature change greater than current sensor design is indicated in bold.)

Device or Organism

Temperature (ºC)

ABLE

0.06

Neopanope sayi

0.49

Source

(Forward 1990)

Rhithropanopeus harrisii 0.28- 0.29 (larval stage dependent)

(Forward 1990)

Brevoortia tyrannus

(Vries et al. 1995,
Forward et al. 1999)

0.05- 0.4 (larval stage and rate
dependent)

Table 2: Salinity sensitivity comparison for plankton and the ABLEs. (Sensitivity of plankton to salinity
change greater than current sensor design are indicated in bold.)

Device or Organism

Salinity

Source

ABLE
Dataloggers
Callinectes sapidus zooea
-postlarval megalopae
Rhithropanopeus harrisii
Ruditapes
philippinarum
Neopanope sayi

0.06
0.125
0.3-0.4
0.3-0.5 (responsive to 5.53x10 -4 s1
)
0.09-0.29 (larval stage dependent)
Salinity target of 21-23, swimming
behavior orientation change with ±2
0.11 to 0.21 (larval stage dependent

Brevoortia tyrannus

0.3-0.8, 0.7

(De Vries et al. 1995)

Crassotrea virginica,
C. ariakensis

0.25

(King et al. 2005)

(Tankersley et al.
1995)
(Forward 1989)
(Ishida et al. 2005)
(Forward 1989)

Pressure: The absolute pressure change detected by some species of larval crab was within
the range of 0.4-6 mbar (Table 3), which is equivalent to depth resolution of 0.4-6.1 cm in
seawater (1 mbar = 1.0197 cm depth change.) The ABLE sensor had a resolution of 1-2 cm,
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depending on the particular ABLE unit, meaning that for species such as N. sayi and R.
harrissii, a more sensitive pressure sensor would be desirable. However, the rate of pressure
change is also a cue, so in estuaries with a strong tidal signature, a sensor with greater
resolution might not be required.

Table 3: Resolution of pressure sensors for plankton and the ABLEs. (Sensitivity of plankton to depth
change greater than current sensor design is indicated in bold.)

Device or Organism

Pressure / Depth (mbar ~=cm)

Source

ABLE

2 cm

Neopanope sayi

2.8- 2.84 mbar

(Forward et al. 1989)

Rhithropanopeus
harrisii

1.11 mbar

(Forward & Wellins 1989)

C sapidus and Uca spp.

2- 6 mbar (lower absolute for
lower rate)

(Tankersley et al. 1995)

Light: ABLE’s estimated light detection threshold of 1 µmol quanta · m-2 s-1 was 3-4 orders
of magnitude above that of C. sapidus or Uca spp. larvae (Table 4.) ABLE’s lower sensitivity
would cause it to see “dark” when the larvae still saw faint light. Light diminishes
exponentially with depth, however, and attenuation in estuaries typically is severe due to
particulates and CDOM, so at light levels that were just high enough to inhibit larvae from
swimming up into the water column, ABLE might migrate up a few cm before encountering
light levels that would inhibit further upward movement. If in such situations the ABLE were
programmed to return to the bottom for a set period of time before making a new attempt, the
consequences for transport presumably would be minimal. The light sensor in the ABLEs
(Figure 4) commonly detected no light during daylight hours even though the mooring depth
was only 1.91-2.72 m, emphasizing the steepness of the gradient in irradiance. Many
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estuaries are deeper than this, and near their bottom light is almost certainly below the
detection limit for crab postlarvae. Since salinity rises during both daytime and nocturnal
flood tides, a planktonic or megalopal crustacean could distinguish them only by migrating
up into the water column until it encountered sensible light, just as the ABLE would have to,
except that it would detect the light a few cm deeper.

Table 4: Light sensor sensitivity comparison for plankton and the ABLEs. (Sensitivity of plankton to
light change greater than current sensor design is indicated in bold.)

Device or Plankton species

Light (quanta · m-2 · s-1)

Source

ABLE resolution

6x 1017 quanta · m-2 · s-1
(1 µmol quanta · m-2 · s-1)
1014 quanta · m-2 ·s-1
1013 quanta · m-2 ·s-1
1.14x 1019 quanta · m-2 · s-1

detection threshold * 2

Callinectes sapidus
Uca spp.
Minimum for photosynthesis
in Karenia brevis

(Tankersley et al. 1995)
(Tankersley et al. 1995)
(Magaña & Villareal
2006)

General Assessment of Plankton-Mimicking Ability:
To maximize the realism of ABLE’s vertical migration behavior and minimize artifacts due
to unexpected variability in the environmental signals (e.g., the wind effects on temperature
and salinity, Figures 2-3), it would be useful to moor multiple ABLE units at a site of interest
to collect a time series of sensor measurements. This would permit fine-tuning of the
averaging times to compensate for high-frequency variability in the signals, and
establishment of a hierarchy for integrating various cues.
Even with appropriately tuned sensors, ABLEs (and presumably organisms) can receive
spurious cues and respond inappropriately. Near our mooring, for instance, a larval organism
migrating up in response to a rise in salinity would sometimes have migrated up during a
flood tide, as can be seen on the nocturnal flood tide on Julian Day 344 (Figure 3). The tidal
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stage was not perfectly synchronized with both the temperature and the salinity oscillations
during our experiment (Figure 2-3), so larvae responding to temperature and salinity would
have migrated upwards when water was still moving out of the estuary. When winds were
driving the estuarine circulation, as seemed to be occurring from Julian Day 346 onwards, the
salinity variations were obscured and seemed unrelated to the tidal phase. Daylight PAR
dropped to 0 during low-salinity pulses (Figs. 3, 4), suggesting an increase in turbidity from a
freshwater plume. Any area of the estuary that is deeper, such as the channel, would be even
less likely to have visible light near the benthos when this fresher water is present. Our
ABLE, (as well as any organism that uses flood tide migration,) would detect a sudden rise in
salinity during a period with no light and assume an appropriate time for upward migration.
That ABLE, or organism, would then be transported on an ebb tide, as salinity does not
correspond with the tidal phase in this part of the estuary on every day. The low population in
the Indian River estuary of C. sapidus a very adaptable, resilient species, may be related in
part to the unreliability of migration cues.
Optimizing the placement of Marine Protective Areas (MPAs) or protection of important
spawning or nursery areas could be facilitated by using ABLEs to elucidate the transport
trajectories of larvae with different migratory behaviors. ABLEs would be programmed with
appropriate responses to the primary stimuli for vertical behavior of an organism of interest,
and released at known or hypothesized source (spawning) locations. The ABLEs would be
transported horizontally by local current regimes, as a consequence of environmental
conditions and ABLE’s vertical migrations in response to changes sensed in the immediately
surrounding environment. If there proved to be close correlation between specific
environmental regimes (winds, currents, etc.) and transport to sites favorable for settlement,
metamorphosis and growth, it might become possible to use easily obtainable physical
oceanographic measurements to predict larval recruitment nursery regions in subsequent
years. Using ABLEs to conduct experiments with the hierarchy of cues in different estuaries
could reveal if temporal and spatial variations in larval recruitment are attributable to
behaviors that are more complex in nature than in the laboratory. ABLEs also could be used
to clarify how recruitment patterns might differ between two species inhabiting the same
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area, as would have occurred as a result of the (now retracted) Virginia and Maryland state
government proposals (Virginia 2003, Maryland 2004) to rebuild the oyster beds of
Chesapeake Bay by introducing the exotic Crassotrea ariakensis to replace the declining
native C. virginica (NOAA 2014). While these species may use similar complex migration
behaviors to maintain position in an estuary (King et al. 2005, Newell et al. 2005), they
appear to have different vertical behaviors and thus the potential for differences in transport;
ABLEs could reveal these and predict the potential for long-term success of this introduction
in that context.
ABLEs could be used as a straightforward means to map flood tide transport distances and
speeds, or understand differences in trajectories in relation to starting position or to current
and weather patterns. If the precise timing of the ascent from the bottom of the estuary is
critical, however, the issues become more complex. It becomes vital to understand how crab
larvae or postlarvae extract migration cues to effect favorable transport despite localized
asynchrony of cues (as seen in our mooring experiment.) The research question would have
to be framed carefully. Some of ABLE’s present sensors (light, pressure and, in some cases,
salinity) are less sensitive to environmental change than are crab megalopae, due to
restrictions of size and cost. In estuaries, both crab larvae that are reinvading after
development offshore (e.g., the commercially important C. sapidus,) those that are retained
in the estuary (e.g., mud crabs) are known to use flood tide migration behaviors (Cronin and
Forward, 1983). Their exquisite sensitivity to micro-environmental change might make it
more difficult, not easier, to detect a complex event like reversal of tidal flow. A planktonic
organisms that obtains only instantaneous measurements of salinity, light, etc., and can
compare it only to the immediately preceding “sample” without any long-term “memory” is
vulnerable to being deceived by random short-term fluctuations. It may miss the longer-term
trends that would reliably indicate the turn of the tide. We found that the higher the
sensitivity of the sensor, the longer the averaging time needed to filter out high-frequency
noise and detect changes in the direction of tidal currents. ABLEs could be used to correlate
local environmental cues with local recruitment variability only if we understand and mimic
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the mechanisms by which the larvae filter the environmental noise to reliably synchronize
with tidal cues.

Lagrangian Transport with Intended Water Mass (Drift Error)
The ABLE had drift errors that, though not quantified, were similar to those of conventional
drogues. ABLE offered improvements in both terms of vertical behavior and adaptation to
changes in bottom depth. Conventional drifters use drogues that may extend across a large
portion of the expected vertical range of planktonic migration and thus average the effect of
currents at all depths that organisms would traverse, requiring the assumption that the
organism divides its time equally along the vertical extent of the drogue. The much smaller
ABLE adds the ability to assess the effect of unequal amounts of time spent at various depths
in response to environmental change, occupying only 30 cm of the water column and capable
of dynamically changing its depth. The ABLE can also sense contact with the sediment-water
interface and modify its migration behavior to either skim above the bottom or to go aground,
depending on the study parameters. This both increases its ability to realistically mimic
plankton and permits its use in the shallow estuarine environments that are “target” settling
habitats for many meroplankton. ABLEs’ ability to autonomously migrate vertically and
operate in waters shallower than the vertical extent of conventional drogues will extend their
utility into coastal estuarine environments, permitting study of the transport and probability
of successful settlement by populations of meroplanktonic larvae from known source
populations of (often commercially important) adults.
To achieve drift errors as low as those of conventional drifters with a 40:1 ratio of drag
within versus outside the tracked water parcel, the ABLE would need to spend no more than
1/40 of its time out of the tracked parcel. For the periodic GPS fixes, the ABLEs were
programmed to ascend to the surface as rapidly as capable. Once the device obtained its fix,
it descended quickly, decelerated until it came to a stop at the previous depth, and resumed
hovering at neutral buoyancy. If we assume that the excursion to the surface for a fix takes
~6 minutes, then in 24 hrs, no more than 4 GPS fixes should be programmed. This timing
period for GPS fixes is depth-dependent, as it takes longer to surface from 50 m than from 5
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m. As most uses envisioned for this device are in estuaries or near shore, however, the
bottom depth is probably shallow. Fixes at more frequent intervals are likely to result in
ABLE that do not remain within this water mass and therefore have an unknown slip rate
from a true population in windy conditions. We suggest that a user examine the time required
to surface from a typical target depth for their particular application and plan the GPS fix
intervals accordingly, or have the ABLE adjust the interval dynamically based on current
operating depth. With a 40:1 time ratio, the slip of ABLE from the intended water mass is
expected to be ~ 1% of the wind speed, or < 3 cm s−1, (Davis 1985, Niiler et al. 1995,
unpublished data cited in Ohlmann & Niiler 2005).
The attempted comparison of ABLE trajectories with those of living plankters (megalopae)
was unsuccessful, not because the ABLEs failed to operate as programmed, but because not
one of the labeled megalopae was recaptured. That the highest number of wild megalopae
were captured in the main sampling net at the same time that the ABLE drifted past indicates
that the ABLE was moving effectively with the flood tide water mass, along with wild
megalopae. The efficacy of the ABLE drifters (and superiority over the aborted attempt at
dye tracing) was shown when they gave a clear picture of potential transport routes and
speeds during the three deployments depending on the initial conditions. Differences in
initial starting position across the channel mouth in relation to the fork of the estuary down
which they were transported suggested the importance of wind shifts in recruitment to
various parts of the system. The low number of recaptured tagged individuals may be partly
due to transport of these megalopae along the outer channel (Figure 13, lower left), which
was not being netted (or simply because the megalopae dropped to the bottom from the
sudden change in water conditions as they were released into the estuary.) As was seen
clearly in the drifter experiments in the Indian River Lagoon, the shallow conditions in
estuaries near nursery grounds are regions where wind effects can exceed tidal effects. In the
Beaufort Inlet area of NC, if a shift in wind drove the megalopae to one side of the inlet, that
population would be transported almost entirely into one part of the system. In this case,
plankton driven to the right side of the channel in which they were released would risk being
transported out again during the next ebb unless they sensed a cessation in turbulence and
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dropped to the bottom (as the ABLEs might have done had they not been recovered at the
end of the flood tide (Figure 13, purple tracks). Turbulence remained strong (note vertical
forcing indicated by migration depth on rightmost tracks, Figure 15) and the cue to sink to
the bottom probably would not have been perceived. Future studies could incorporate wind
patterns with the movements of the ABLEs in a larger-scale study if this line of exploration
were continued.

Figure 15: GPS tracks of deployed ABLE drifters where the height of these trajectories indicates the
vertical position of the drifters, interpolated along curves between recorded GPS points. (Greater heights
indicate deeper migration depths. Straight line paths were used between GPS fixes rather than following
the curves of the estuary.)

Evaluation of Practicality as a Field Instrument
This instrument performed well as a prototype in a variety of experimental scenarios; the
lessons learned from design difficulties will be incorporated as improvements into the newer
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version. The flaw in the salinity sensor circuitry has been identified, and can therefore be
eliminated in future. While calibration and uploading procedures performed well, and
protocols were modified to lower error rates.
Deployment and tracking were improved primarily through protocol development to
eliminate user error as well as logging the setup parameters within the data log of each
deployment to prevent human recording errors. Further improvement is needed in the
transmitted GPS positions to eliminate confusion between degree quadrants, and increased
visibility during the daytime would be aided by a brighter paint scheme. Longer deployments
would benefit from a remote transmission of the GPS position, rather than relying on
detecting a VHF radio signal, such as cell phone or satellite based systems.
Both robustness and endurance of the battery and memory were more than sufficient for the
experiments conducted in this project, but further improvement would be desired for longer
deployments for which the ABLE could not be continuously monitored. The primary
recommended improvement would be an increased memory capacity to allow deployments
of 2 to 4 weeks while logging frequently and would be accomplished best using flash
memory rather than the currently utilized serial EEPROMs.

Limitations:
Inherent in a small and low cost drifter, however, are some remaining constraints on what
research questions can be addressed. For sensor capabilities, the low-cost, replaceable nature
of the ABLE required the sacrifice of absolute accuracy and sensitivity to small changes that
is required in blue-water environments (see Tables 1-4). Environmental signals in estuarine
and coastal environments, (the areas for which ABLE is designed,) are much larger; the
ABLE resolution is comparable to those of many estuarine larvae, like several species of
crabs (Table 2.) ABLE can mimic organisms unless both rate of change and absolute change
are below the sensor resolution, and there are no suitable (measurable) proxy variables.
ABLE and plankters still differ greatly in size and hence operate at very different Reynolds
numbers; what is sensed by the spacing and scale of the ABLE sensors is not identical to
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what is sensed by an individual planktonic organism. We do not have the ability to create
plankton-sized drifters due to limitations in minimum battery size, pumping capacity for
depth regulation, and reliable recovery. While ABLE can reveal the effect of behavior on
transport of a population of similarly-behaving plankton, it cannot show what an individual
planktonic organism would do. That plankter would experience a different microenvironment
than the ABLE; Each of ABLE’s sensors occupies the same volume as many planktonic
organisms and can only provide an average value for what that aggregation of plankters
would be experiencing. ABLE cannot tell us anything about the dispersive and diffusive
effects of turbulence and advection on a scale smaller than its own. For any dispersive
phenomenon on a scale larger than the ABLE, however, such as turbulence that exceeds
swimming speed or heterogeneous environments with variation in migration cues for
plankton in close proximity, simultaneous release and tracking of multiple ABLEs can show
how vertical swimming behavior might impact the dispersal patterns.
Dispersal of plankton is also nonlinear; during any single experiment, passive tracer particles
are not concentrated at the center or distributed evenly within a possible domain of
occupation (Garrett 1983, Parslow & Gabric 1989), so multiple drifter releases are needed to
capture dispersal characteristics. If multiple ABLE devices could be used simultaneously to
estimate dispersal of a population, this offers both a cost and time advantage over traditional
intensive hydrographic surveys; each ABLE is relatively cheap compared to other similar
instrumentation. Careful attention must be paid to instrument loss if applying the ABLE in
this manner, particularly if a low number of drifters are used. Loss at random is expected, but
consistent loss of ABLEs following the same circumstances each time, such as migration
below a certain depth or transport in a fast current taking the ABLE out of reception range of
the recovery instruments, would bias the results. Both remotely transmitted position fixes
during deployments and reliable recovery after the end of the experiment were essential.

Conclusion
The benefits and capabilities of the ABLEs current design met our desired benchmarks and
allow new types of information to be collected about the transport of multiple species of
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plankton. Understanding the consequences of these site-specific effects on the tidally
controlled transport of plankton in estuaries quickly and easily through the use of ABLEs
would, for example, allow such applications as rapid inclusion in GIS modeling of potential
changes in stocks of important fisheries species and in selection of potential future Marine
Protected Areas. At present, this device fills a need for a simple, low-cost, robust device that
can elucidate the effect of plankton behavior on transport and we hope to see it continued as
a common tool in the fields of estuarine and coastal plankton biology.
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Chapter 5. Next Steps in the Study of Karenia brevis Bloom Formation

5.1 CONCLUSIONS AND NEXT STEPS

Vertical Migration
Our data suggests that vertical nutrient distributions can influence the location of Karenia
brevis cells in non-bloom periods, and that a nutrient supply in the lower water column below
the euphotic zone could sustain low numbers of these dinoflagellate cells over multiple
generations. Because a nutrient source near the benthos causes cells to become benthicallyoriented in our model and in our field simulations with the ABLE drifters, it suggests that
this behavior may commonly occur among natural populations of K. brevis along the Gulf of
Mexico shelf region when they encounter near-benthic nutrients. Similar benthically oriented
swimming behavior was observed in results from a numerical model with a near-benthic
nutrient profile even in cases with a surface nutrient source because the gradients were too
weak for the dinoflagellates to use as an orientation cue (Liu et al. 2001). Continuous
exposure to nitrate in that model for a 30 day period could result in population growth to
bloom concentrations at depths below the range of satellite detection, Liu states that a sudden
appearance of a nearshore bloom in this case would be an illusion resulting from a near
benthic population developing into fish-killing densities and then becoming surface oriented
when inshore in presence of additional surface plume.
Before the implications of bottom-orientated behavior for later bloom formation can be fully
understood, however, both other nutrient sources and more natural cellular division behavior
would need to be included in future modeling efforts. These factors will allow understanding
of the difference between nutrient conditions that result in population maintenance vs. those
that might result in population growth at depth. For nutrient uptake, K. brevis have the ability
to utilize species of nitrogen other than the nitrate and nitrite studied here, as discussed in
Chapter 2. Growth rates with organic forms of N are higher than for inorganic forms
(Shimizu et al. 1995). The uptake rates of organic forms of N have been reported as faster
than for nitrate, with a > 2 to 3-fold increase in the maximum uptake rates: 0.77 ( NH4+) and
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0.51 (Urea) as opposed to 0.20 pmol N cell-1 hr-1 for NO3- (Sinclair et al. 2009). As for
cellular division, daughter cells resulting from the division phase of these dinoflagellates do
not necessarily result in an even apportionment of resources (as was assumed in this study,)
meaning the carbon and nutrient resources of the parent cell. A combination of a spatial
separation of two subpopulations coupled with biochemical differences between cells in a
mesocosm experiment (Kamykowski et al. 1998) has led to the theory that nutrients are
sometimes unevenly divided between two daughter cells-as uneven as 70 %:30 %. After such
an asymmetric division, the nutrient poor daughter cells will still become benthically
oriented, but the nutrient rich daughter cells will become surface oriented because they need
to spend less time at depth accumulating N and instead spend more time nearer the surface to
photosynthesize. In order for a dark adapted seed population of K. brevis residing near the
bottom of the water column to form a bloom, however, the number of cells at that depth must
increase over time, so attrition of some of the daughter cells to a surface population at the
extremes of this nutrient split would need to be accounted for in future simulation models.

Horizontal Transport
Three regions along the West Florida Shelf were assessed using both satellite data and
modeling to determine the bloom-forming potential of K. brevis if an assumption is made
that cells are subsisting offshore near the benthos. Sites were chosen near both Sarasota and
Destin, FL with a third site chosen between them in the center of the Big Bend region.
Releases of ABLE drifters with a near-benthic nutrient profile near Sarasota and Destin,
combined with modeling, showed a wide variation in the potential distance that a near
benthic K. brevis population could be transported over one generation, 10.31 – 89.76 km.
Transport over this distance, if occurring cross-shelf away from shore, could push a nearbenthic population into water too deep for survival. Commonalities were sought between the
historical light attenuation and its effect on population growth rates near the benthos, the
average weekly bottom current direction on the deep shelf at these three sites, and the
prevalence of blooms in each of these areas. Sarasota, a region with frequent bloom
occurrences, had sufficient light along the shelf to support a K. brevis population at depth for
the majority of the year, and the population would have been transported only along the shelf
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and therefore at relatively constant bottom depths for the majority of that time. In the Destin
region, with moderate bloom frequency, the population would again have been transported
primarily alongshore and therefore at a stable bottom depth, but the light attenuation
indicated that a population was supported at depth with only a 30 % of the time during some
months of the year. This indicates that a near-benthic population in this region would need
periodic “renewal” from another region or from cells at the surface. In the Big Bend, a region
with infrequent blooms, light was sufficient to support a population at depth, but the bottom
currents were not conducive to primarily alongshore transport. In general, light sufficient to
support near-benthic Karenia brevis populations, coupled with the detection of near-benthic
cells in deep water (ECOHAB cruise series, Grabowski 2010), and a high incidence of K.
brevis blooms in that area suggest that benthic populations subsisting in regions with low
cross-shelf transport could be subsequently seeding blooms under the right initialization
conditions.

Bloom Formation
In order to quantitatively assess the correlation between the light attenuation, bottom currents
and Karenia brevis bloom formation for subsequent forecasting purposes, this analysis would
need to be repeated in future to include a hydrodynamic particle tracing component and
thereby assess if a source-to-sink pattern was present. This method would use a larger, more
comprehensive grid of the bottom currents generated from a model and require the addition
of a new application of the coral reef connectivity tool in ArcGIS (Jason Roberts, MGET
designer, pers. comm.) that is included in the Marine Geospatial Ecology Toolset (Roberts et
al. 2010). The bloom events that occurred would be compared (with considerable labor) to
particle trajectories originating from each of our three test points, with trajectories derived
using the hindcast bottom current simulation model from the SABGOM Nowcast/Forecast
model, over the whole shelf region. These flows would become inputs for the reef
connectivity tool in MGET to perform the hydrodynamic simulations and their correlation to
the subsequent detected blooms along the shoreline, both from those detected through direct
water sampling from shore-based studies included in the FWRI database (Florida
Commission for Fish and Wildlife 2004), and from satellite-derived bloom events further
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offshore (derived using one of the many available satellite detection algorithms, e.g. Stumpf
et al. 2003, Tomlinson et al. 2004, Hu et al. 2008, Shen et al. 2012). If the correlation to these
factors is significant, then in the future this might allow us to better predict the occurrence of
blooms prior to inception.
Finally, if the relationship is established between all types of nutrients within the GOM and
the behavior of K. brevis that leads to bloom formation, an eventual desired goal for the
environmental management community would be the prevention of blooms through
management recommendations or regulations. Reducing the effect of blooms could be best
accomplished through prevention rather than control (Sengco 2009), and a primary
recommended method has been through the mitigation of nutrient contributions to the GOM
(Anderson 2004). If a nutrient source was both identifiable and controllable (e.g.
anthropogenic,) it is potentially possible to modify the vertical behavior of K. brevis in future
by changing the location or magnitude of nutrient sources. In order to modify nutrient
sources, however, the effect of the concentrations and vertical distributions of each of these
N species would have to first be identified comprehensively. Following our suggestion of
incorporating organic forms of N into future models has particular importance, as in one
region of the shelf, no difference was seen in DIN concentrations between bloom and nonbloom periods (Singh 2005). That study was done in an area with nitrate/nitrite below
detection thresholds, indicating that an organic source may be utilized during the bloom
initiation process. The toxicity of blooms could potentially be reduced through management
as well by adding nutrients, because K. brevis are associated with higher levels of brevetoxin
when nitrogen limited (Hardison et al. 2012). As this increased toxicity is suggested to
provide protection from grazing in nutrient-limited conditions to assist in sustaining this
population, reversing that process through the addition of nutrients could potentially diminish
the harmful effect of a bloom.

Instrument Development
The ABLE have physical advantages over other types of tracking in that they are easier to
track than tagged plankton or dye, have the potential to operate closer to the desired water
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mass in high wind, and don't obstruct traffic in estuarine waterways while deployed. The
ABLEs are not a replacement for intensive numerical modeling studies, nor are they intended
to replace conventional drifters, but rather to fulfill a need for small, portable drifters that can
be used in shallow conditions to quickly assess where plankton will be transported both
under normal conditions and as a consequence of a perturbation in the system (temperature
rise, increased nutrient loading, etc.) The devices have an advantage in lab-to-field
application of letting us directly test the validity and assess the transport consequences of
internally motivated migrations without the need for a hydrographic study or any other prior
knowledge of the physical constraints of the system. They also have potential in field-to lab
applications to let a researcher develop a model of potential signaling cues based on field
observations and then return to the lab to test those behaviors in controlled water column
experiments on larvae or other plankton using the same stimuli.

While this version of the ABLE performed well as a prototype in a variety of experimental
scenarios, it also suggested improvements to be incorporated into the newest version. The
flaw in the salinity sensor circuitry was identified, and can therefore be rectified. The design
also incorporates a 3-axis gyroscope to potentially detect large-scale turbulence and vertical
shear directly rather than by proxy to increase the range of planktonic behaviors that can be
imitated. While calibration and uploading procedures performed well, the IR data transfer
was replaced with a Bluetooth transfer system to improve data transfer speeds and reduce
error rates. While deployment and tracking were improved primarily through protocol
development and logging modifications, the new design now incorporates satellite
transmission of position, a greater number of digits in the transmitted GPS positions to
eliminate confusion between degree quadrants, and increased visibility due to the addition of
the newer LED technology with improved brightness and bright yellow paint on the ABLE
body, all to facilitate tracing and recovery. Further improvement was desired to improve
robustness and endurance. For robustness, the newer version of the ABLE was designed to
have stronger supports for the antenna assembly. The endurance of newer ABLEs is expected
to be extended >2 weeks due to both more conservative pumping and improved depth
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regulation algorithms, but remains to be tested, while the memory capacity for datalogging
has been increased from four 1 KB serial EEPROMs to a single 16 Mb flash memory. The
ability to send a recall signal underwater to the ABLE in case of the necessity of early
retrieval is also under development.
The ABLE is now at the stage where it can be used to answer questions not just about the
behavior of phytoplankton, but about planktonic larvae, which have more complex vertical
behaviors. The correlation between small changes in the physical environment and vertical
swimming behaviors can now be explored. The ABLE would be programmed with a
particular suite of larval behavioral reactions and then released for deployment, For instance,
the ABLE can now answer questions such as the likely entrainment and retention or export of
larvae with different behaviors as a result of island eddies (Suthers et al. 2004), which may
work to accumulate larvae near an island and prevent broad range dispersal in particular
circumstances. Because other information is being simultaneously recorded, such as the
range of temperatures or light experienced by these plankton as they drift, the effect of the
surrounding environment on metabolism, growth rate, or even stimulation to metamorphose
could also be included in a study.
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