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Toxic Florida red tides of the dinoflagellate Karenia brevis have downstream consequences of 500–
1000 km spatial extent. Fish stocks, shellfish beds, and harmful algal blooms of similar species occupy
the same continental shelf waters of the southeastern United States, amounting to economic losses of
more than 25 million dollars in some years. Under the aegis of the Center for Prediction of Red tides,
we are now developing coupled biophysical models of the conditions that lead to red tides and impacted
coastal fisheries, from the Florida Panhandle to Cape Hatteras. Here, a nitrogen isotope budget of the
coastal food web of the West Florida shelf (WFS) and the downstream South Atlantic Bight (SAB) reaf-
firms that diazotrophs are the initial nutrient source for onset of red tides and now identifies clupeid fish
as the major recycled nutrient source for their maintenance. The recent isotope budget of WFS and SAB
coastal waters during 1998–2001 indicates that since prehistoric times of Timacua Indian settlements
along the Georgia coast during 1075, �50% of the nutrients required for large red tides of >1 lg chl l�1

of K. brevis have been derived from nitrogen-fixers, with the other half from decomposing dead sardines
and herrings. During 2001, >90% of the harvest of WFS clupeids was by large ichthyotoxic red tides of
>10 lg chl l�1 of K. brevis, rather than by fishermen. After onset of the usual red tides in summer of
2006 and 2007, the simulated subsequent fall exports of Florida red tides in September 2007 to North
Carolina shelf waters replicate observations of just �1 lg chl l�1 on the WFS that year. In contrast, the
earlier red tides of >10 lg chl l�1 left behind off West Florida during 2006, with less physical export,
are instead 10-fold larger than those of 2007. Earlier, 55 fish kills were associated with these coastal
red tides during September 2006, between Tampa and Naples. Yet, only six fish kills were reported there
in September 2007. With little export of red tides and their fish prey during the former year, the com-
puted larger nutrient-sated, fish-fed growth rates of the model’s dinoflagellates also replicate satellite-
observed daily increments of K. brevis during fall maintenance in 2006, compared to simulated smaller
fish-starved growth rates of decanted red tides during fall 2007. During the last few decades, K. brevis
has remained a ‘‘prudent predator” of some clupeids, i.e. Spanish sardine, whereas humans have now
overfished other Florida stocks of both thread herring and Atlantic shad. Thus, future operational fore-
casts of the land falls and durations of Florida red tides, from Louisiana to North Carolina, as well as pru-
dent management of regional fisheries of the southeastern United States, require consideration of
negelected fish losses, at intermediate trophic levels, to algal predators. Some clupeids are harvested
by K. brevis, but these fish are separately supported by a longer parallel diatom-based food chain of cal-
anoid copepods, feeding the zooplanktivores and thence other piscivore fish predators, while intersecting
the shorter food chain of just diazotrophs and red tide dinoflagellates, poorly grazed in turn by harpacta-
coid copepods. The distinct phytoplankton functional groups, different herbivores, as well as zoophagous
and piscivore fishes, must all be formulated as explicit state variables of the next set of complex ecolog-
ical models, cued by satellite data and driven by nested circulation models, within an ecosystem-based
management paradigm of commercial and sport harvests of biotic marine resources at higher trophic lev-
els of the WFS and SAB.

� 2008 Elsevier Ltd. All rights reserved.
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Fig. 1. FWRI photographs during 2007 of a precursor bloom of T. erythraeum within
the offshore WFS red tide epicenter on (A) the 40 m isobath of clearer waters on the
Florida Middle Ground (4/4/07) in relation to (B) a downstream bloom of K. brevis
off Jacksonville Beach (9/28/07).
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1. Introduction

Red tides of the fish killing dinoflagellate, now known as Kare-
nia brevis and previously as Ptychodiscus brevis = Gymnodinium
breve, are not new Florida phenomena. The ichthyotoxic dinofla-
gellate was identified more than a half century ago (Davis,
1948), when the number of dead fish then harvested by K. brevis
during 1947 (Gunter et al., 1948) amounted to half of the recent
commercial and recreational yields of fish from the West Florida
shelf (WFS) during 2007, in the eastern Gulf of Mexico. Clupeid
corpses of round scad, scaled sardine, and Gulf menhaden, as well
as the dead piscivores, black and warsaw groupers, were among
the estimated 50 million fish killed during the 1946–1947 red
tides on the WFS (Gunter et al., 1947, 1948). Indeed, one can also
infer that earlier red tides were found off the southeast Texas
coast during 1529–1534 (Cabeza de Vaca, 1542), in the western
Gulf of Mexico.

This survivor of the Narvaez expedition then wrote that despite
their use of fish traps, the Capoque and Han Indians ‘‘do not have
fish apart from this period ... in November and December” (Adorno
and Pautz, 1999). Their shellfish harvest in 1529 was also sus-
pended seasonally (Cabeza de Vaca, 1542) around Galveston Bay,
where he noticed that from Galveston Island ‘‘canoes crossed to
the mainland to certain bays that had many oysters. And for three
months of the year they eat nothing else ... until the end of April,
when we went to the seacoast where we ate blackberries the entire
month”. A few years later, along the South Texas coast, he also
noted in 1534 that the Avavares Indians near the Nueces River esti-
mated seasonal changes by ‘‘the times when the fruit comes to ma-
ture and when the fish die” (Adorno and Pautz, 1999).

Such red tides of K. brevis are not just restricted to the Gulf of
Mexico. More recent red tides of K. brevis and its congeneric species
K. papilionacea were discovered in the Mid Atlantic Bight (MAB), as
Florida exports of both Karenia spp. (Brown et al., 2006) among the
phytoplankton community on the Delaware shelf during Septem-
ber 2007. For example, by 6 September 2007, an equivalent chloro-
phyll biomass of �3.0 lg chl l�1 of an intermediate red tide of K.
papilionacea was found by both ship, and satellite, at the mouth
of Delaware Bay. There, the initial red tide of K. brevis was then in-
stead only �0.2 lg chl l�1, but it also represented another exoge-
nous phytoplankton import of upstream origin, like North
Carolina fish larvae found in the MAB (Warlen et al., 2002).

As part of this same 2007 export event, concentrations of K. bre-
vis exceeding 10.0 lg chl l�1 of a large red tide, were later observed
by aircraft (Fig. 1), satellite, and ship farther south, along Jackson-
ville Beach of Duval County, Florida on 27 September 2007, with
associated local beach closures. Earlier, during 10–13 September
2007, other small populations of <1.0 lg chl l�1 of K. brevis and K.
papilionacea were found by us along the WFS coast, between Tam-
pa and Fort Myers, FL (Fig. 2), which is the major red tide epicenter
(Walsh et al., 2006). To put these different sizes of small (�1
lg chl l�1) and large (�10 lg chl l�1) Florida red tides in perspec-
tive, background seed populations of K. brevis in the open Gulf of
Mexico are �0.01 lg chl l�1.

Such downstream exports of WFS red tides are also not new
events. Eastward decantations of K. brevis blooms were inferred
during 1972 (Murphy et al., 1975), 1976, 1983, 1987 (Tester
et al., 1991), and 1990 (Tester et al., 1993). Moreover, it was ob-
served even earlier during 1886 that ‘‘An oily scum”(Knowles,
1887) ... ‘probably consisting of great masses of plankton’ (Bron-
gersma-Sanders, 1957) ... ‘‘extends for several miles out to sea,
and affects the rivers for a long distance inland ... Fish are ... floating
like chips on the surface of the water” ... ‘‘the scum is found, and
the coast is strewn with dead fish all the way”(Knowles, 1887),
from the South Carolina border to within 10 miles of Cape Fear.
One hundred years later, a red tide of >1 lg chl l�1 of K brevis
was found in these same North Carolina coastal waters in 1987
(Tester et al., 1991; Tester and Steidinger, 1997), within the South
Atlantic Bight (SAB). When analyzed over the period of 1987–1992,
these red tides of WFS origin accounted for roughly half of the an-
nual average economic loss to the United States, estimated then to
be a total of �49 million dollars (Anderson et al., 2000).

Other possible hints of earlier exports of WFS red tides were re-
corded by Jonathan Dickinson, a British sailor shipwrecked along
the east coast of Florida during 1696. He observed dead fish on
the seaward side of the barrier island to the north of Jupiter Inlet
during 28 September 1696 as an ‘‘abundance of small fish ... being
much tainted ... covered the shore for nigh a mile in length ... 27�
45 min.” (Andrews and Andrews, 1945). Within this same region,
about 300 years later, respiratory irritations, red tides, and kills
of baitfish were described on 8–20 November 1972 as an export
of WFS red tide to the east coast of Florida (Murphy et al., 1975),
when only a small red tide of �1 lg chl l�1 was left behind on
the WFS (Fig. 2).

Compared to background levels of K. brevis in the open Gulf of
Mexico of �0.01 lg chl l�1, or small red tides of �1 lg chl l�1, a
large red tide of 10 lg chl l�1, within just the upper 5 m of the
euphotic zone of the WFS, requires an equivalent dissolved nitro-
gen inventory over the water column of 20 mmol N m�2 (Walsh
and Steidinger, 2001). Yet, over the 50 m deep water column of
the mid WFS, the mean nitrate depth integral was only 3.1 mmol
NO3 m�2 during four years of 1998–2001 (Vargo et al., 2008), com-
pared to �20,300 mmol N2 m�2 (Weiss, 1970).

An intermediate pool of dissolved organic nitrogen (DON),
including urea as a favored source of red tide nutrition (Baden
and Mende, 1979; Steidinger et al., 1998), then amounted to
477 mmol DON m�2 (Vargo et al., 2008). But, not all of the WFS
DON is labile, readily available to the phytoplankton for growth
as external estuarine supplies of DON (Jolliff et al., 2003). More-
over, at the mouths of the WFS estuaries, e.g. Tampa Bay, the ni-



Fig. 2. A time series of the alongshore mean weekly abundance (cells l�1) of Karenia brevis found at the surface during 1972–2008, within 9 km of the coast, between Tampa
and Naples. It provides a 35-year record of interannual variation of intensity and duration of red tides within these coastal waters, with known eastward summer
decantations during 1972, 1977, 1987, 1990, and 2007, thence leaving behind only small autumn amounts of these toxic dinoflagellates at the bottom of the WFS food web.
Note the relative sizes, as well as durations of the 2006 and 2007 events. Here, 1 � 105 cells l�1 = 1 lg chl l�1.
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trate stocks during 2001 were 0.6 lmol NO3 kg�1, compared to
0.9 lmol PO4 kg�1, in a molar N/P ratio of 0.7 (Vargo et al., 2008),
much smaller than the Redfield N/P ratio of �16.0, required for bal-
anced phytoplankton growth.

Thus, the major ‘‘new” nutrient supply for onset of Florida red
tides had been hypothesized as iron-rich Saharan dust stimulation
of nitrogen-fixation by Trichodesmium erythraeum of the ubiqui-
tous dissolved dinitrogen gas at the shelf-break edge of the WFS
(Walsh and Steidinger, 2001). There, the dissolved nitrate, phos-
phate, iron, and silicate ratios usually do not promote blooms of
diatom competitors of the phytoplankton community.

This chemical milieu on the outer WFS instead favors the diazo-
trophs, fixing N2, and subsequent transfer of recycled nutrients in
the form of labile amino acids of DON and NH4, from T. erythareum
to K. brevis, upon deposition of mineral aerosols at the sea surface
(Walsh et al., 2003, 2006; Lenes et al., 2001, 2005, 2008). Increased
global desertification, as in the Gobi and Sahara Deserts over the
last century, may now be leading to larger red tides of greater spa-
tial extent of those toxic dinoflagellates, which depend upon these
precursor iron-starved diazotroph sources of recycled nutrients,
beneath downstream regions of atmospheric dust plumes (Jickells
et al., 2005).

Moreover, despite early suggestions of a dead fish source of
nutrients (Wilson and Collier, 1955), after red tide initiation, the
sources of additional recycled nutrients for continued maintenance
of these harmful algal blooms remained unknown (Vargo et al.,
2008). Yet, more recent studies confirmed that as much as 50% of
some decomposing Florida fish are returned as dissolved nutrients
of NH4 and PO4, at summer temperatures, during one day (Steven-
son and Childers, 2004). We had also found �5 lmol NH4 kg�1 and
�0.2 lmol PO4 kg�1 next to dead fish on the WFS during October
2001 (Vargo et al., 2008). Accordingly, we examine here the isoto-
pic evidence for diazotroph and dead fish sources of recycled nitro-
gen, involving both the onset and maintenance of Florida red tides
during 1998–2001 (Fig. 2), in relation to their simulated export and
growth rates during the subsequent years of 2006 and 2007
(Fig. 1).

The consistent mass fractionation of nitrogen isotopes during
plankton and nekton metabolism leads to loss of the lighter iso-
tope, 14N, resulting in more positive, heavier d15N values of a rela-
tive �+3.0‰ increment per higher trophic level of the marine food
web (Minagawa and Wada, 1984; Peterson and Fry, 1987; Walsh
et al., 1989). The metazoans excrete the lighter 14N and accumulate
heavier 15N in their body tissues.

But, the actual value of the isotope ratio of 15N/14N at the base of
the marine food web depends upon what mixture of dominant dis-
solved nitrogen sources initially fueled the phytoplankton at this
lowest trophic level. Depending upon the number of trophic steps
of a local marine food chain, from subtropical to polar regions
(Walsh et al., 1989), the top predators exhibit monotonic increases
of �+3.0‰ d15N per food transfer through primary producers, her-
bivores and multiple levels of carnivores, including marine subsis-
tence human hunters.

For example, within the aphotic source waters for the succes-
sive western boundary currents [Guiana, Antilles, Loop, Florida
Currents, and the Gulf Stream] of the North Atlantic Ocean, the
d15N value (Table 1): of nitrate is +5‰ (Altabet and McCarthy,
1985; Liu and Kaplan, 1989; Loepz Veneroni, 1998; Montoya
et al., 2002); compared to dinitrogen gas of +0‰ (Macko et al.,
1984); and ammonium of �3.0‰ (Checkley and Entzeroth, 1985;
Cifuentes et al., 1988). As usual, d15N is defined here by [15N/14N
of sample/ 15N/14N of air standard � 1] 1000.

All phytoplankton descriminate between the heavier 15N and
lighter 14N isotopes of dissolved inorganic nitrogen (DIN), as well.
The resulting microalgae thus have more 14N, compared to 15N,
than the isotope ratio of the unutilized components of the DIN
(NO3, NH4, and N2), left behind in marine waters. Prior observations
within the Gulf Stream yielded a fractionation factor, b, for nitrate
assimilation by phytoplankton of 1.004 (Altabet and McCarthy,
1985), similar to more recent culture studies of diatoms (Waser



Table 1
A nitrogen isotope budget, d15N (‰), of the food web on the southeastern US shelf.

Dissolved source
N2 (+0.0)1 NO3 (+5.0)2,3,4 NH4 (�3.0)1,5 Urea (+3.0) = sum of equal amounts of diazotroph

(�0.5) and Clupeid (+3.5) recycled sources

Phytoplankton
Diazotroph (�1.0)6,7 Diatom (+1.0)4 Flagellate (+6.0)8 WFS 1998–2001 mean PON + 3.0 (Karenia brevis

blooms)

Herbivore
Harpacticoids (+2.0)10 Calanoids (+4.0)11,12 Zooplankton (+9.0)5,6 xxxxxxxxxxxx

Zooplanktivorous fish
xxxxxxxxxxxx Herring-sardine (+7.0)13,14 Menhaden (+12.0)15 xxxxxxxxxxxx

Piscivore fish
xxxxxxxxxxxx King mackerel, vermillion snapper (+10.0)16,17 xxxxxxxxxxxx xxxxxxxxxxxx

Human harvester
xxxxxxxxxxxxx St. Catherines (+12.8)18 xxxxxxxxxxxx xxxxxxxxxxxx

Based on the literature, isotopic fractionation of dinitrogen gas1, nitrate2,3,4, ammonium8, and urea9 by the phytoplankton functional groups are assumed to be, respectively, 1,
4, 9, and 0‰ of d15N. The realized trophic transfer of d15N of 3.0‰, by herbivores, zooplantivores, piscivores, and top human predators on St. Catherines Island, GA, before they
ate maize (Schoeninger et al., 1983), of this budget is based also upon the observed body nitrogen isotopic contents of 15N/14N, expressed as d15N within the WFS, SAB, or
other ecosystems, next to western boundary currents.

1 Miyake and Wada (1967).
2 Liu and Kaplan (1989).
3 Lopez Veneroni (1998).
4 Altabet and McCarthy (1985).
5 Checkley and Entzeroth (1985).
6 Macko et al. (1984).
7 Saino and Hattori (1987).
8 Cifuentes et al. (1988).
9 Waser et al. (1998).

10 Wada and Hattori (1976).
11 Checkley and Miller (1989).
12 Montoya et al. (2002).
13 Sullivan and Moncreiff (1990).
14 Fry (1988).
15 Deegan et al. (1990).
16 Roelke and Cifuentes (1997).
17 Thomas and Cahoon (1993).
18 Schoeninger et al. (1983).
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et al., 1998). In contrast, other phytoplankton fractionate ammo-
nium, with b of 1.009 (Cifuentes et al. 1988), compared to b of
1.001 for diazotrophs assimilating N2 (Wada and Hattori, 1976;
Saino and Hattori, 1987).

Thus, marine phytoplankton grown solely on nitrate, dinitrogen
gas, or recycled ammonium (Table 1), should have respective d15N–
PON values of +1‰, �1‰, or +6‰ within their particulate organic
nitrogen (PON). Here, we report our measurements of the d15N–
PON of suspended particulate matter within surface waters of
the inner WFS (<50 m depth) during September–December
1998–2001.

These WFS phytoplankton, in turn, are consumed by copepod,
protozoan, and macrobenthic herbivores and by bacterial ammoni-
fying saprovores. The two intermediate trophic levels recycle some
of the nitrogen locally as ammonium and urea, with phosphorus in
the forms of DOP (dissolved organic phosphorus) and phosphate,
while passing energy to zooplanktivore chaetognath, jelly, and fish
primary carnivores. However, the fish are not just predators of
these coastal ecosystems, eating zooplankton and other fish, but
are also a source of nutrients for the ichthyotoxic dinoflagellates.

Recall that in the vicinity of dead fish on the WFS during 2001,
we found as much as 5 lmol NH4 kg�1 (Vargo et al., 2008). If the
recycled body nitrogen of decomposing zooplanktivore dead fish,
killed by nearby K. brevis, is a significant source of nutrients for
subsequent red tides, compared to zooplankton and macrobenthos
herbivores at a lower trophic level, the d15N–PON signature of the
toxic dinoflagellates over time, should also increase, reflecting a
shift of predominant recycled nutrient origin, from diazotrophs
to dead fish. If predation by K. brevis is a significant process, time
series of commercial WFS fish stocks, as reflected (Gulland, 1983)
in their relative Catch Per Unit Effort (C.P.U.E.)s, should also mirror
changing harvests by the various piscivores: other fish; K. brevis;
and adjacent humans.

Zooplanktivorous clupeid fish are the dominant intermediate
members of the WFS marine food web, now harvested by: (1) hu-
mans, as baitfish; (2) other fish, i.e. groupers, mackerels snappers,
and drums, as piscivores; and (3) red tides, as a supplemental
source of recycled nutrients, on the WFS. The Spanish sardine,
Sardinella aurita, is one of the most abundant clupeids on the
WFS, based: on larval surveys (Houde et al., 1979; Ditty et al.,
1988); commercial landings reported to FWRI; and fishery-inde-
pendent, acoustic-assisted trawl catches (Pierce and Mahmoudi,
2001; Mahmoudi et al., 2002). It is mainly a summer spawner
(Houde et al., 1979; Ditty et al., 1988, 1994), with the same adult
populations extending from the Florida Panhandle downstream
to at least off Charleston, South Carolina (Kinsey et al., 1994). Lar-
val survival of S. aurita may thus be impacted by summer red tides,
unlike that of the spring spawning clupeids, e.g. thread herring
Opisthonema oglinum (Houde et al., 1979).

During 17 cruises to the WFS in 1971–1974 (Houde and Chitty,
1976; Houde, 1977a–c; Houde et al., 1979), monthly assessments
were made of the abundances of fish eggs and larvae, as well as
the adult forms of their zooplankton prey. Within the red tide epi-
center, between coastal waters off Tampa and Naples, FL (Fig. 2),
the zooplankton stocks were 10-fold less during November 1973,
when a large red tide of >10 lg chl l�1 was observed there
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(Fig. 2), than in 1972 during a small red tide of <1 lg chl l�1 (Fig. 2).
A similar 10-fold variance of coastal zooplankton abundance was
also found, between October 1998 (Sutton et al., 2001) and 1999
(Lester, 2005) on the WFS, during these respective small and large
red tides (Fig. 2).

The near shore ichthyoplankton community exhibited the same
interannual reduction of abundance during November 1972 and
1973 (Houde and Chitty, 1976), at a time of year, when summer
spawners would be most susceptible to recruitment failure during
red tides. During three days after hatching, post yolk-sac larvae of
S. aurita must begin feeding on the younger stages of such coastal
zooplankton (Ditty et al., 1994) at WFS surface temperatures of
>30 �C (Walsh et al., 2003). A month earlier, during 22 October
1973, this red tide was first observed 5–15 km offshore of the
coast, between Tampa and Fort Myers, FL. A subsequent massive
fish kill was then found at the shoreline of Boca Grande, FL by 29
October 1973 (Habas and Gilbert, 1975).

Cardiac arrest of the pre-juvenile, transparent larval phases of
bay anchovy, Anchoa mitchilli, was also observed during this large
WFS red tide of 1973 (Quick and Henderson, 1975). Furthermore,
A. mitchilli is one of the dominant clupeids within both the Tampa
Bay environs (Peebles et al., 1996; Peebles, 2002) and downstream
Biscayne Bay (Houde and Alpern Lovdal, 1985) on the Florida east
coast. It also serves as an important intermediate member of the
coastal food web, farther north within both the SAB and MAB
(Scharf et al., 2002).

Note, moreover, that the small red tide, left behind on the WFS,
during fall 1972 (Fig. 2) was instead associated with an export of K.
brevis to the east coast of Florida that year (Murphy et al., 1975).
No fish kills were related to red tides on the WFS during 1972.
Whereas in 1973, red tide-related fish kills were found even within
Tampa Bay – as during 1971 (Steidinger and Ingle, 1972). In 1971,
another large red tide again prevailed along the West Florida coast
(Walsh and Steidinger, 2001), like in 1973 (Fig. 2).

Farther downstream, within the SAB off Jacksonville, FL, spawn-
ing runs of another clupeid, the American shad Alosa sapidissima,
persist from November to March. Total shad landings along the
US Atlantic coast had declined 10-fold, between 1895 and 1960
(Walburg and Nichols, 1967). But, a maximum biomass persisted
at the mouth of the St. Johns River during January of most years
(Walburg, 1960), after 2–3 years spent as juveniles and adults
within the adjacent SAB. During the subsequent January 1973, after
fall export of red tide in 1972 (Murphy et al., 1975), the C.P.U.E. of
A. sapidissima near Palatka, FL, within the tidal portion of the St.
Johns River, was �75% of that during January 1972 (Williams
et al., 1975; McBride, 2000).

Before then, minimal export of the WFS red tide had instead oc-
curred during fall of 1971, when a larger red tide was left behind
that year off the West Florida coast (Fig. 2), like in 1973 (Walsh
and Steidinger, 2001). A fishery for this largest clupeid, A. sapidiss-
ima, began near the mouth of the St. Johns River at Mayport, FL, in
1858 (Walburg, 1960), became stressed by 1970 (Williams and
Bruger, 1972), and no longer provides commercial yields (McBride,
2000). As a sentinel for the consequences of both upstream exports
of WFS red tides and local overfishing, interannual changes in rel-
ative spawning of American shad within the St. Johns River, after
growth on the adjacent downstream SAB, reflect inferred ecologi-
cal teleconnections between the WFS and the SAB (Tester and Stei-
dinger, 1997). Thus far, however, no explicit simulation models
have linked the plankton dynamics of these two regions.

Yields of the local dominant WFS clupeids, O. oglinum and S.
aurita, to other human predators, for example, also declined,
respectively, during the large 1995 red tide (Fig. 3) to 48% and
17% of those catches obtained from the WFS in 1994. Note that
FWRI records also indicate the 1995 harvests of Atlantic shad, A.
sapidissima, another clupeid, declined by an even larger amount,
to 10% of their 1994 yield.

Subsequently, commercial harvests of S. aurita from the WFS
declined by 70%, from an average yield of 3.1 million pounds dur-
ing 1986–1994 to a mean annual catch of 0.9 million pounds dur-
ing 1995–2002 (Mahmoudi et al., 2002). The latest landings were
1.2 million pounds during 2007 (Fig. 3). Conventional wisdom sug-
gested that the estimated potential yield of S. aurita to the purse
seine fishery off west-central Florida should have been 1.5–2.2 mil-
lion pounds during 1999 and 2000, i.e. 2–3 times the realized
catches (Fig. 3).

Despite fishing bans and gear restrictions since 1992, moreover,
fishery-independent trawl surveys on the WFS during each spring
(March–April) of 1994–2002 found no increases of the estimated
clupeid stocks of either S. aurita or O. oglinum, upon reduction of
their fishing losses. Thus, other loss factors, in addition to human
harvests, may effect population abundances of these dominant
WFS baitfish (Pierce and Mahmoudi, 2001; Mahmoudi et al.,
2002), i.e. predation by K. brevis.

After S. aurita, the next most abundant coastal clupeid on the
WFS is O. oglinum. But, it is mainly a spring spawner (Houde,
1977b). Before closure of the fishery for S. aurita off Tampa Bay
in 1992, O. oglinum was already a collateral target of the purse
seiners, with 7.5 million pounds of thread herring caught during
1989 (Fig. 3). Presumably, just continued fishing pressure reduced
the WFS yields of the spring spawning O. oglinum, from a mean of
2.2 million pounds during 1995–2001 (Mahmoudi et al., 2002) to
0.1 million pounds by 2007 (Fig. 3).

Yet, after a series of two successive years of red tides of
>106 cells l�1, or >10 lg chl l�1, of K. brevis during 1984–1985,
1994–1995, and 2005–2006 (Fig. 2), the commercial yields of both
the summer spawner S. aurita and spring spawner O. oglinum then
fell by more than 50% during the subsequent years of 1985, 1995,
and 2006 (Fig. 3). One could thus infer that it was mainly over fish-
ing, rather than impaired larval survival of the summer versus
spring spawning clupeids, which led to declines of the WFS stocks
of both S. aurita and O. oglinum over the last decade. But, an inde-
pendent estimate of red tide mortality of the clupeids, as well as
their fishing mortality (Fig. 3) and consumption by fish predators
(Okey and Mahmoudi, 2002), is required.

Here, we first use an isotope budget along coastal waters of the
southeastern United States to estimate both the trophic status of
the clupeid fish and the amount of their 15N-labelled contribution,
over time, to the seasonal nitrogen nutrition of WFS red tides. We
thus place our own phytoplankton isotope data over 1998–2001
within the context of the upstream WFS and downstream SAB con-
tiguous food webs of similar structure. If the recycled nitrogen of
dead fish origin is a significant nutrient source for maintenance
of red tides, then the inferred predation rate by the dinoflagellates
must also be considered by future resource managers of these
coastal regions. We then contrast fish-fed and fish-starved WFS
red tides of maximal and minimal growth rates, during respective
small and large physical exports of K. brevis to the downstream
SAB, in 2006 and 2007.

Other piscivore fishes, for example, such as king mackerel
Scomberomorus cavalla, vermillion snapper Rhomboplites auroru-
bens, and red drum Scianenops ocellatus, also eat the smaller clu-
peid fish as secondary carnivores, with characteristic elevated
d15N–PON signatures of the higher trophic levels (Thomas and Cah-
oon, 1993; Roelke and Cifuentes, 1997). They are in competition
with the local red tides and the fishermen. These other fish data
of our budget (Table 1) thus provide an isotopic constraint on the
clupeid versus diazotroph contributions to the seasonal nutrition
of the resultant WFS red tides, labelled by the measured 15N/14N ra-
tios of their own cellular PON (Particulate Organic Nitrogen).



Fig. 3. A time series of yearly zooplanktivore and piscivore fish landings from the WFS during 1982–2007. It provides a 25-year record on the fishing effort (102 trips year�1)
and commercial landings (106 pounds yr�1) of spanish sardine, Sardinella aurita (d), and of thread herring, Opisthonema oglinum (h), in relation to both large red tides of
>10 lg chl l�1 of K. brevis (j) and the sum of concurrent commercial and recreational harvests (106 pounds year�1) of red grouper, Epinephelus morio (h) and king mackerel,
Scomberomorus cavalla (d) during 1982–2007 at the top of the WFS food web.
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In turn, some of the piscivore fish, as well as mullet detritivores,
were consumed by humans, acting as subsistence tertiary carni-
vores along St. Catherines Island, Georgia during preColonial times
in 1075. These last d15N–PON data of surviving relict bone collagen
thus represent an Indian diet of mainly marine food, before their
utilization of maize (Schoeninger et al., 1983). This prehistoric
coastal habitat of the SAB was then presumably downwind of per-
sistent summer Saharan dust loadings (Jickells et al., 2005), as first
suggested by Darwin (1839).

In contrast, other contemporary bone residue d15N–PON data
are also available for marine subsistence inhabitants of Santa Cruz
Island during �1150, within the California Current (Walker and
DeNiro, 1986). The latter prehistoric habitat of these contemporary
southern California Indians is instead now rarely visited by either
Saharan, or Gobi, Desert dust storms (Jickells et al., 2005). These
offshore Indians also did not eat maize, as did other Indian popula-
tions of the same prehistoric era on the California mainland (Walk-
er and DeNiro, 1986).

Red tides have a very long recorded history off the west Florida
coast, with the first red tide of K. brevis documented in 1844 (Fein-
stein, 1956). The first scientific report of respiratory irritation from
a Florida red tide was not written until 1917 (Taylor, 1917), when
the first death of S. aurita from red tide was also noted. But, other
red tides were found during 1854, 1878–1879, and 1886, as in-
ferred from descriptions of ‘‘dead fish in ... poisoned water ... of a
reddish” and ‘‘red brick color” with ‘‘oysters ... in Tampa...
spoiled” ... ‘‘and clams ... of Sarasota Bay ... of a repulsive green
hue at their edges” (Porter, 1879; Glazier, 1880; Ingersoll, 1881).
Over 150 years later, extensive documentation of the spatio-
temporal chronologies of Florida red tides (color + backscat-
ter = phytoplankton biomass, as well as diazotroph and red tide
components) and their causal factors (dust = atmospheric iron
loading; temperature = coastal upwelling) is now provided by a
suite of daily observations from orbiting NASA and NOAA satellites.
Upon completion of the isotope budget, we thus use dust, thermal,
and color data from these satellites to estimate onset and mainte-
nance of the 2006 and 2007 red tides on the WFS, in relation to
physical export within simulation models of both the particle tra-
jectories and the growth of populations of K. brevis.

Red tides begin the same way each summer on the WFS. On-
shore transports of entrained near-bottom seed populations occur
within the bottom Ekman layer, of the co-occurring migratory dia-
zotrophs and dinoflagellates, during wind-forced, coastal upwell-
ing � as indicated by cold sea surface temperatures [http://
fermi.jhuapl.edu/avhrr] along the coast (Fig. 4a). Seasonal nutrient
transfers between the two groups of phytoplankton are triggered,
after arrival of Saharan dust above outer shelf waters (Fig. 4b).
Here, the slow growing diazotrophs (Fig. 4c), overlying the toxic
dinoflagellates of similar slow growth rates (Fig. 4d), can success-
fully compete against the faster growing, silica-requiring diatoms
of coastal waters (Walsh et al., 2003, 2006; Lenes et al., 2008).
Along the 10 m isobath of the WFS during August 2006 and
2007, the observed near-surface populations of the sun-adapted
diazotrophs, with 3- to 4-fold larger light saturation intensities
than the red tides (Walsh et al., 2001), were underlain by co-occur-
ring initial subsurface populations of dark-adapted K. brevis. With-

http://fermi.jhuapl.edu/avhrr
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Fig. 4. Satellite estimates of (A) upwelled water off Charlotte Harbor, FL on 31 July 2006 [courtesy of Applied Physics Laboratory, Johns Hopkins University] and of (B) Saharan
dust on 1 August 2006 in relation to (C) in situ and (D) satellite observations of Trichodesmium over the same region on 8–9 August 2006.

Fig. 5. A SeaWiFS satellite estimate of red tide export from the West Florida shelf
on 30 August 2001, where the pink color denotes population levels of >0.1 lg chl l�1

of K. brevis.
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in these CDOM-rich coastal waters (Walsh et al., 2003), both T. ery-
thraeum populations and CDOM serve as initial sun screens, until K.
brevis photo-adapts (Shanley and Vargo, 1993) to higher light con-
ditions of near-surface waters (Carder and Steward, 1985).

During 22–29 July 2006, for example, a sequence of imagery
from the NASA OMI satellite sensor of atmospheric mineral aero-
sols detected transport of Saharan dust (Fig. 4b), from northwest
Africa across the Atlantic Ocean and into the Gulf of Mexico (Carder
et al., 2007). Similar westward propagating Saharan dust storms
were also observed by NASA satellites during July 2008, 2007
(http://jwocky.gsfc.nasa.gov), 2005 (Hsu et al., 2007), 2001 (Walsh
et al., 2006), and 1999 (Lenes et al., 2001, 2008). Within the surface
Ekman layer, the usual near-surface biotic signals of the end results
of such upwelling and dust stimulation are offshore transports of
surface populations of K. brevis – seen by the satellite color signal
during August 2001 (Fig. 5), as part of the large coastal red tide that
year (Fig. 2).

During other years, stronger upwelling, as shown on 7 Septem-
ber 2005 by some of our daily satellite-tracked surface drifters
(Fig. 6), led to eventual termination of those fall coastal WFS red
tides. As monitored by FWRI, a 10-fold decline of the mean weekly
alongshore cell counts of K. brevis populations then occurred with-
in 9 km of the coast, representing an equivalent biomass reduction
of �100 to 10 lg chl l�1, during early September 2005 (Fig. 2). A
similar decline of K. brevis biomass occurred in September 2001,
but the near shore populations were then replenished, until
December of that year (Fig. 2).

Here, we test the hypothesis that small offshore summer/fall
transports during 2006, allowed accumulation of large populations
of T. erythraeum (Fig. 7) and of K. brevis (Fig. 8), with associated fish
kills (Fig. 9), promoting enhanced ichthyotoxic dinoflagellate
growth rates during the fish-fed maintenance phase on the

http://jwocky.gsfc.nasa.gov


Fig. 6. Subsequent daily trajectories during 7 September–3 November 2005 of four
satellite-tracked drifters (33208, 33210, 33211, and 33212), released on 7 Septem-
ber 2005 by USF/FWRI on the inner WFS, near Fort Myers, FL.
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WFS – as a positive feedback mechanism. In contrast, during 2007
larger physical export of diazotrophs and dinoflagellates resulted
Fig. 7. The observed surface distributions of T. erythraeum over the West Florida shelf dur
also found on the WFS as a pre-bloom index of red tides during these summers, after S

Fig. 8. In situ observations (cells l�1) of K. brevis on the WFS during
in minimal growth rates of smaller WFS red tides (Fig. 8) and less
fish kills (Fig. 9) on the WFS, but larger ones downstream along
the east coasts of Florida, Georgia, South and North Carolina. Any
entrained near surface plankton populations would be transported
seaward at speeds of �10 cm s�1, or �10 km day�1, within such a
surface chlorophyll plume (Fig. 5), unless they change their vertical
positions in the water column by sinking or swimming. Such verti-
cal motions are usually observed in migrating phytoplankton, zoo-
plankton, and post-settlement fish larvae. At the edge of the WFS,
10-fold faster currents prevail, of course, within the Loop Current,
the contiguous Florida Current, and thence, after addition of the
Antilles Current, within the subsequent Gulf Stream of the outer SAB.

But, within shelf waters of the inner SAB, adult clupeids, e.g. O.
oglinum, migrate alongshore at �10 km day�1 as well (Pristas and
Creek, 1973). Thus we assume that red tides, not their living fish
prey, are transported within this first coupled model of red tide
maintenance, along the southeastern United States, during 2006
and 2007. Accordingly, local larval, juvenile, and adult fish popula-
tions instead are subject to vectors of dinoflagellate poisonings.
These fish kills provide a fish nitrogen isotope tracer within the
subsequent population increments of K. brevis, grown at nutri-
ent-replete growth rates of fish-fed maintenance stages of Florida
red tides throughout the WFS and SAB.
ing July 2006 and 2007. In terms of abundance, similar amounts of diazotrophs were
aharan dust loadings.

(A) 26 August–1 September 2006, and (B) 27–31 August 2007.



Fig. 10. The monthly mean isotopic ratio of 15N/14N, expressed as dN15 (‰), of
suspended particulate nitrogen within surface waters of the inner West Florida
shelf (<50 m depth) during September–December 1998–2001.

Fig. 9. Fish kills within Florida waters reported to FWRI during September (A) 2006 and (B) 2007 as a post bloom index of red tides.
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Dead fish in advanced stages of decay are, of course, neutrally
buoyant, such that they can also be detected at the sea surface
by aircraft (Gunter et al., 1947, 1948). Usually, they remain within
coastal waters, as seen by aircraft during August 2001 by MOTE
observers (G. Kirkpatrick, personal communication), concurrent
with the satellite color observations (Fig. 5). Dead fish at coastal
fronts along the 10 m isobath then demarcated the transition be-
tween coastal waters of >40 lg chl l�1 of K. brevis off Port Charlotte,
FL and the offshore waters of <0.2 lg chl l�1 of this ichthyotoxic
dinoflagellate at background levels. Some dead fish are also ad-
vected �80 km offshore of Naples, FL, after winds from the north-
east as during November 1954, for example, but such metazoan
exports are rare (Wilson, 1958).

During 25–26 June 2007, Saharan dust again blanketed the Gulf
of Mexico [http://toms.gsfc.nasa.gov]. Since K. brevis is shade-
adapted during initial phases of its red tides (Shanley and Vargo,
1993), before photo-adaptation, it was probably at depth, remain-
ing undetected by either NASA/NOAA satellite, or in situ FWRI, sur-
face sampling protocols, during early summer of 2007. However,
the diazotrophs, T. erythraeum, and dead fish are tandem surface
proxies for the presence of K. brevis: the former predicts where
the red tide will be; and the latter confirms where it has been.
The diazotrophs responded to the iron-rich dust loading by 2–3
July 2007, for example, with an accumulation of T. erythraeum bio-
mass along the West Florida coast (Fig. 7b), from Cedar Key
(29.0�N, 83.2�W) to Naples (26.1�N, 81.8�W).

Some diazotrophs were found off Pensacola (30.2�N, 87.1�W) on
21 July 2007 (Fig. 7b). Most remained on the southeast WFS,
throughout July and August 2007, until 8 September 2007, when
the diazotrophs were once again stranded off Panama City
(30.0�N, 86.0�W). They now persisted along the Florida Panhandle:
by 6 October 2007 off Pensacola: and by 6 November 2007 within
St. Joseph Bay (29.7�N, 85.4�W). Dead fishes, associated with red
tide and respiratory irritations, were also reported on 1–4 October
2007 along the Panhandle beaches, from Panama City to Pensacola.
Fish kills continued here (Fig. 9b) until 28 December 2007. Earlier,
55 fish kills were associated with these coastal red tides, between
Tampa and Naples, during September 2006. Yet, only six fish kills
were reported there in September 2007. Instead, like the Panhan-
dle region of Florida, dead fish (Fig. 9b) and red tides (Fig. 8b) were
first noted on 21 September 2007 off Jacksonville, FL. Along a sim-
ilar length of coastline, between Melbourne and Fernandina Beach,
a mirror image prevailed: during September 2006, only seven fish
kills were reported to FWRI, all associated with low oxygen con-
centrations; in contrast, 43 fish kills were observed here during
September 2007, of which 39 were caused by K. brevis. After 13
October 2007, dead fish and red tides extended from St. Augustine
to Ormond Beach, near Cape Canaveral. Fish kills persisted there
until 27 December 2007.

Other red tides of K. brevis had been observed near Mobile Bay
in 1990 (Tester et al., 1993), 1996 (Brown et al., 2006), and 2005.
Earlier red tides of >10 lg chl l�1 were also found above the Florida
Middle Ground (�28.5�N, 84.5�W), associated with drifting dead
fish at the sea surface during November 1979 (Walsh et al.,
2002), where Trichodesmium precursors occurred during April
2007 (Fig. 1). Previously, to the north of this region, another red
tide of �10 lg chl l�1 of K. brevis was again sampled during 29–
31 July 1964, above the �25 m isobath within Apalachee Bay (Stei-
dinger et al., 1966) of the Big Bend region of the WFS.

Then, in 1964 the usual coastal red tides to the south of Tampa
Bay (Steidinger et al., 1967) were negligible. Trichodesmium was
present in Apalachee Bay during 1964, moreover, as well as con-
current dead fish, and dying schools of scaled sardine, Harengula
jaguana (Ingle and Williams, 1966). Thus, in two cases of the circu-
lation model: we first release populations of K. brevis just along the
coast, between Tampa Bay and Fort Myers, where prior surface
drifters had exited the WFS (Fig. 6); and next from both this coastal
red tide epicenter (Fig. 2) and the offshore Florida Middle Ground,
where the precursor Trichodesmium was found during April 2007
(Fig. 1).

2. Methods

To explore the role of poisoned fish as a supplemental nutrient
source for maintenance of WFS red tides, after initiation by other
nutrient transfers from diazotrophs, we consider; (A) a nitrogen
isotope budget for the WFS–SAB food web, based upon more than

http://toms.gsfc.nasa.gov


Table 2
The annual catch per unit effort (C.P.U.E.), pounds per fishing trip, of zooplanktivorous fish – Spanish sardine and thread herring – in relation to those of piscivores, red and gag
grouper, king mackerel, red and vermillion snapper, before and after larger fall (September–November) red tides and fish kills during 1995, 2001, 2005, and 2006 on the West
Florida shelf (WFS), between Tampa and Naples. Additional information is the same fall mean ratio of 15N/14N (d15N) within suspended matter during a small (2000) and large
(2001) WFS bloom of Karenia brevis.

Year 1994 1995 1996 2000 2001 2002 2004 2005 2006 2007

Spanish sardine 4334 2419 9508 15,749 16,550 16,104 17,089 22,347 36,902 36,266
Sardinella aurita
Thread herring 11,841 11,692 12,457 10,619 11,929 15,550 20,679 17,918 8538 3662
Opisthonema oglinum
Red grouper 505 553 574 772 778 752 764 883 913 738
Epinephelus morio
Gag grouper 241 281 253 321 462 447 460 484 281 233
Mycteroperca microlepis
King mackerel 185 258 305 346 363 300 464 457 396 475
Scomberomorus cavalla
Red snapper 194 195 243 346 413 353 387 304 334 625
Lutjanus campechanus
Vermillion snapper 433 512 431 364 400 419 399 445 571 764
Rhomboplites aurorubens of

Karenia brevis
Red tide (lg chl l�1) �1 >10 <1 �1 >10 <1 <1 �10 >10 <1
Fish kills (number) 4 20 2 7 45 17 3 50 59 6
d15N–PON (‰) � � � �0.34 +3.03 � � � � �
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500 measurements of the d15N (Fig. 10) of suspended PON during
the 1998–2001 red tides (Havens, 2004) and the above literature
(Table 1); (B) simulation analyses of the export and growth of
red tides of K. brevis left behind on the WFS during the contrasting
large one of 2006 and the small one of 2007 (Figs. 1, 2, and 8); and
(C) the seasonal harvests and C.P.U.E.s, of the dominant clupeids
and their piscivores from the WFS (Fig. 3) during 1994–2007 (Table
2). Consequently, the required state variables of a coupled biophys-
ical model for future operational forecasts of red tide landfall,
duration, dispersal, and food web consequences are then discussed.

Most clupeids of the WFS experience red tide mortalities, based
upon prior observations since at least 1916: i.e. S. aurita, originally
known as Clupanodon pseudohispanica (Taylor, 1917); thread her-
ring O. oglinum (Landsberg, 2002); scaled sardine, H. jaguana (Gun-
ter et al., 1948; Ingle and Williams, 1966; Houde, 1977b); and bay
anchovy, A. mitchili (Quick and Henderson, 1975). But how impor-
tant is this intermediate trophic level as a source of nutrients for
red tides?

To answer this question, we begin with an isotope budget (Ta-
ble 1), based upon our analyses of >500 samples of the 1998–2001
red tides, between the 50 m isobath and the coast. The budget is
constrained by prior observations of the d15N ratios of both other
marine trophic levels and adjacent human harvesters. Next, we
perform simulation analyses of the physical transport and growth
of the contrasting large and small red tides during 2006 and 2007.
Finally, we consider the seasonal harvests of S. aurita and O. ogli-
num during the preceding decade of 1994–2007, in relation to
red tides, these clupeid C.P.U.E.s, and those of the major piscivores
(Table 2).

2.1. Isotopic analyses

Upon sampling at sea during 1998–2001, >500 filtered samples of
particulate matter were frozen. In the laboratory, the unfrozen sam-
ples were rinsed with 1 ml of 10% HCL to remove any carbonates. The
lyophilized filters were introduced into a continuous flow dual anal-
ysis mass spectrometer, upon combustion with a Carlo-Erba Ele-
mental Analyzer, for determination of both carbon and nitrogen
isotopic composition of the particulate matter (Havens, 2004). The
results are reported here as the monthly means of d15N of suspended
PON for each year, at the surface of the inner (<50 m depth) WFS.

With respect to the isotope budget of WFS food web interac-
tions at the trophic level of ecological complexity (Table 1), other
d15N values of dinitrogen gas, ammonium, nitrate, urea, phyto-
plankton (diazotrophs, diatoms, microflagellates), zooplankton
(calanoids, harpactacoids), nominal fish herbivores (menhaden,
mullet), zooplanktivore clupeids (herring, sardine,), piscivores
(king mackerel, vermillion snapper), and top predators (humans)
are also taken from the literature of food webs within and adjacent
to western boundary currents of the Gulf of Mexico, the SAB, the
MAB, and other regions of the Southern California Bight.

2.2. Simulation analyses

To focus mainly on the balance between advective losses and
nutrient-regulated growth of Florida red tides, we use a simplified
version of our coupled biophysical model. Here, the water circula-
tion effects transport of the early maintenance phase of a red tide,
after initiation within both coastal and offshore (Fig. 1) red tide
epicenters on the WFS during 2006 and 2007.

The circulation model (Weisberg et al., 2009) is a regional appli-
cation of the ROMS (Song and Haidvogel, 1994), nested in the HY-
COM (Chassignet et al., 2003). The biological model assumes
various exponential growth rates of the phytoplankton commu-
nity, reflecting variable nutrient limitation of diatoms and dino-
flagellates, constrained by daily satellite estimates of surface
biomass of light-adapted (Walsh et al., 2002) K. brevis.

The ROMS [Regional Oceanic Modeling System] and HYCOM
[HYbrid Coordinate Ocean Model] formulations are both fully baro-
clinic, primitive equation models, driven by complete physical
forcing fields of wind and buoyancy, over 5-km spatial resolution
of the WFS and SAB. The boundary conditions of the models are
thus both the entire North Atlantic Ocean and the local WFS estu-
aries (Weisberg et al., 2009), while wind forcing is an optimal
interpolation of the NCEP (National Centers for Environmental Pre-
diction) 3 h forecasts at 2.5� � 2.5� spatial resolution (He et al.,
2004). Initial conditions of the maintenance phase of local red tides
each year are set by satellite specification of the onset of WFS dia-
zotroph-fed, K. brevis populations of 1 lg chl l�1 on 20 August 2006
and 2 September 2007.

In addition to physical dispersal of coastal red tides from the
epicenter, between Tampa Bay and Fort Myers, less frequent red
tides of K. brevis and its congeneric species K. papilionacea (Brown
et al., 2006) have been observed along the Florida Panhandle. Thus,
each day, during fall of 2006 and 2007, 148 simulated surface drift-
ers were launched along seven cross-shelf sections of the WFS. We
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first consider the 75-day trajectories of the model’s coastal surface
drifters, representing water parcels of entrained WFS red tides of K.
brevis, with respective start dates of 21 September and 6 October
2006, in relation to those set on 6 August and 6 September 2007.
All of these Lagrangian populations of K. brevis were released along
the 10–20 m isobaths, within 30 km of the West Florida coastline,
where color changes depict days after release.

A second set of 75-day trajectories of the model’s surface drift-
ers thus instead represented water parcels of other entrained WFS
red tides of K. brevis, with again a start date of 6 September 2007,
but instead released along both the (A) 10–20 m and (B) 60–80 m
isobaths, as well as above the 30–45 m isobaths of the Florida Mid-
dle Ground. Once more, the same color changes again depict days
after release.

Furthermore, in this numerical study, we also allow K. brevis
populations to grow at their nutrient-limited, realized exponential
growth rate of only 0.08 day�1 during a maintenance phase of mea-
ger fish-fed nutrition of the 2007 simulation case. In contrast, dur-
ing another case of the model, the toxic dinoflagellates grow at a
maximal rate of 0.25 day�1 during their fish-fed, nutrient-sated
maintenance phase of 2006.

A similar large in situ growth rate of 0.25 day�1 for K. brevis was
observed at the June start of the 1980 red tide (Fig. 2), after Saharan
dust loading and precursor growth of the diazotrophs (Walsh and
Steidinger, 2001). Their recycled nutrients are sufficient for a small
red tide of 1.0 lg chl l�1, but large ones of 10.0 lg chl l�1 follow
fish kills in the Gulf of Mexico (Walsh et al., 2006). Diatoms instead
grow in the model at a nutrient-replete exponential rate of
1.00 day�1 (Walsh et al., 2001).

2.3. Validation data

Building upon the diagnostic color and back scatter designa-
tions of K. brevis populations on the WFS, from satellite algorithms
(Carder et al., 2007; Cannizzaro et al., 2008), we compiled daily
estimates of the spatial extent (1410–5826 km2) of >1 lg chl l�1

of these toxic dinoflagellates during August–September 2006 and
2007, after arrival of Saharan dust above the WFS, e.g. Fig. 4b.
We then averaged these spatial data to provide validation criteria
for the mean size of ichthyotoxic algal populations of >1 lg chl l�1

(Landsberg, 2002), growing exponentially at respective rates of
1.00 [diatoms], 0.25 [nutrient-replete K. brevis], and 0.08 [nutri-
ent-impaired K. brevis ] day�1.

2.4. C.P.U.E.s of WFS clupeids and their predators

Of the eight species of commercially harvested groupers, seven
species of snappers, and two species of mackerels caught (http://
research.myfwc.com) by both Florida sport anglers and commer-
cial fishermen during 2007, most of the yields to humans were of
red and gag groupers, king mackerels, and vermillion and red snap-
pers from the WFS. Here, 87–96% of the total state landings of
these serranids, scrombrids, and lutjanids were then reported
along the Florida west coast. Moreover, the summed consumption
on the WFS of herrings and sardine each year, by these first and last
groups of fish predators, was estimated to be >90% of the annual
moralities of the clupeids, compared to predation losses of <10%
from previous fishing harvests, imposed on herrings and sardines
by humans during 1997–1998 (Okey and Mahmoudi, 2002).

But, the earlier simulation analyses ignored red tide mortalities
(Okey and Mahmoudi, 2002), such that food web transfers of K.
brevis to fish (Tester et al., 2000), as well as direct impacts of their
brevitoxins on the adults (Wilson and Collier, 1955), must be con-
sidered in this and future analyses of the impacts of fish predation
by WFS red tides. Furthermore, unknown time lags of element and
energy transfer prevail among such complex coastal ecosystems.
For example, among the reduced landings of red grouper Epinephe-
lus morio during 1996 (Fig. 3), the dominant year classes of these
piscivores were 6–7-year-old groupers, spawned in 1989 and
1990 (Lombardi-Carlson et al., 2002), when red tides were instead
minimal (Fig. 2).

Mackerels, sampled by Florida sport and commercial fisheries at
younger ages of 1–3 years (Klima, 1959), instead exhibited an in-
verse increase of larger yields of Scomberomorus cavalla harvested
during 1996 (Fig. 3), after the prior red tide (Fig. 2). Moreover,
floating carcasses of groupers are frequently observed during large
red tides, whereas adult mackerels seem to be unaffected (Gunter
et al., 1947). In any event, the d15N designations of trophic status
for some surviving fish in the WFS and SAB are available (Peterson
and Howarth, 1987; Deegan et al., 1990; Sullivan and Moncreiff,
1990; Thomas and Cahoon, 1993; Roelke and Cifuentes, 1997),
averaging over such temporal–spatial biotic complexities. They
provide an ecological end member, near the top of the WFS/SAB
food web, for interpretation (Table 1) of the observed temporal
changes of the 14,15N isotope signatures of phytoplankton at the
bottom (Fig. 10).

3. Results

3.1. Isotope budget

The overall mean d15N–PON of the surface phytoplankton dur-
ing red tides (Vargo et al., 2008) of October–November 1998–
2001 (Fig. 10) on the inner WFS (<50 m depth) was +3.0‰ (Table
1), compared to �1.0‰ for diazotroph-dominated coastal waters
of the southern WFS (Macko et al., 1984). Near the bottom of the
central WFS water column on the 50 m isobath during November
2001, moreover, the d15N–PON was instead �1.1‰ (Havens,
2004). Here, during September 2002 a diel time series documented
vertical migration of Trichodesmium between surface and near-bot-
tom waters along the 50 m isobath of the WFS (Walsh et al., 2006).
Furthermore, when a small diazotroph-fed red tide of only
�1 lg chl l�1 prevailed on the WFS, the mean d15N–PON was
�0.3‰ in 2000, compared to +3.0‰ during the 2001 red tide of
>10 lg chl l�1 (Table 2).

If we assume that Trichodesmium is half of the usual nitrogen
source for large red tides of K. brevis on the WFS at �1‰ (Table
1), then a supplemental nitrogen source of d15N of +7.0‰ is re-
quired to explain the surface mean of +3.0‰, found for suspended
matter during October–November 1998–2001 (Fig. 10). Recall that
fractionation of nitrogen isotopes during heterotrophic plankton
and nekton metabolism leads to excretory loss of the lighter iso-
tope, 14N, resulting in more positive d15N values of +3.0‰ per high-
er trophic level of the marine food web (Minagawa and Wada,
1984; Peterson and Fry, 1987; Walsh et al., 1989).

A required d15N of +7.0‰ for the other major organic nitrogen
source of nutrients could thus be met by pelagic zooplanktivores,
i.e. clupeid fish feeding on zooplankton herbivores of WFS oligo-
trophic waters. Their prey, i.e. copepods and salps, in turn have
d15N of +4.0‰ (Checkley and Miller, 1989; Lopez Veneroni, 1998;
Havens, 2004; Montoya et al., 2002), upon ingestion of diatoms,
with d15N of +1.0‰ (Table 1).

For this distinct diatom-based food chain of the WFS food web,
we further assume in the isotope budget (Table 1) that the slope
waters are the main source of nitrate, with d15N–NO3 of +5‰ with-
in the Loop Current (Lopez Veneroni, 1998), upwelled on to the
WFS (Walsh et al., 2003). Such an isotope constraint at the bottom
of the diatom food chain is analogous to those d15N of nitrate
stocks in other western boundary currents of the upstream Guiana
Current on the Venezuelan slope (Liu and Kaplan, 1989), the con-
tiguous Antilles Current (Montoya et al., 2002), and the subsequent
Gulf Stream (Altabet and McCarthy, 1985), as well as the similar
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Kuroshio Current off Japan (Liu et al., 1996). In contrast, the d15N–
NO3 of +16.6‰ for nitrate within Florida estuarine waters, e.g. Per-
dido Bay (Coffin and Cifuentes, 1999), is more typical of a soil
source (Chang et al., 2002).

Additionally, the observed seasonal increase of d15N–PON, from
+3‰ in October to +5‰ during December (Fig. 10) is the wrong
pattern for seasonal freshwater supplies of nutrients to the WFS.
The mean salinity, over the near shore 5 m water column of the
WFS, in October 2001 of 33.7 psu instead increased to 34.7 psu
by December 2001 (Lester, 2005), reflecting instead offshore
waters of the Loop Current (Walsh et al., 2003). Moreover, the
mean d15N–PON of the Texas–Louisiana shelf was a time-invariant
+6.5‰ at <28 psu, as a consequence of the much larger freshwater
discharge of the Mississippi River (Lopez Veneroni, 1998).

Herbivores of the microbial loop, i.e. protozoans of +9.00‰, in
our isotope budget (Table 1), graze on microflagellates of
+6.00‰, after fractionation (Cifuentes et al., 1988) of a dissolved
nitrogen source of ammonium of �3.0‰ (Miyake and Wada,
1967; Checkley and Entzeroth, 1985), mediated by the bacterio-
plankton. They are the dominant late summer plankton of the
WFS (Kleppel et al., 1996; Walsh et al., 2003). Indeed, during Sep-
tember 1998, their combined isotopic signature prevailed as a
d15N–PON of +8.4‰, observed by us for some of the WFS sus-
pended matter (Fig. 10).

The mean d15N signature of WFS red tides then seasonally de-
creased to +3.0‰ during October 1998–2001 (Fig. 10), as a conse-
quence of their prior utilization of DIN of diazotroph origin (Walsh
et al., 2003; Mulholland et al., 2006). Next, it increased to +5.0‰

during December of those years (Fig. 10), as a result of uptake by
K. brevis of DIN of clupeid origin, harvested by toxic levels of
>1 lg chl�1 of the dinoflagellates during November (Vargo et al.,
2008). Other clupeids, on Georges Bank for example, exhibit a sim-
ilar +6.1‰ isotopic enrichment of d15N of Clupea harengus from the
base of the marine food web (Fry, 1988). Within Mississippi coastal
waters, the same WFS clupeids, i.e. H. jaguana and A. mitchilli, also
have a similar +5.9–6.0‰ isotopic enrichment of d15N over the pri-
mary producers of edaphic algae (Sullivan and Moncreiff, 1990).

Piscivores, feeding in turn on the local WFS clupeids, should
thus have a d15N of +10.0‰. Note that king mackerels, S. cavalla,
harvest clupeids on the WFS as a dominant member of the fish
community (Grimes et al., 1990), constituting �5% of the annual
fish landings from the WFS during 2007. They indeed have a
d15N of +10.8‰ within Florida coastal waters, between Panama
City and Fort Pierce (Roelke and Cifuentes, 1997). Similarly, ver-
million snapper Rhomboplites aurorubens are also dominant pisci-
vores on the WFS, constituting another 4% of the 2007 landings
from there. Downstream on the North Carolina shelf (Grimes and
Huntsman, 1980), these fish exhibit a d15N of +10.1‰ (Thomas
and Cahoon, 1993). Moreover, the zooplanktivore clupeids –
Spanish and scaled sardines, thread and round herring – are
the dominant fish biomass on the WFS. They are eaten there
by mackerels, groupers, snappers, drums, humans, and red tides.
An omnivorous clupeid – Gulf menhaden, Brevoortia patronus –
instead eats both phytoplankton and zooplankton as an adult
in the open Gulf of Mexico, but with a d15N–PON signature of
+13.8‰ (Deegan et al., 1990).

Fish larvae of this region have a d15N–PON of as much as +10.5‰

(Lopez Veneroni, 1998), reflecting a longer food web as well. Since
nitrogen-fixers also prevail in the open Gulf of Mexico (Walsh et al.,
2006), these isotopic observations suggest that adult clupeids of
these slope waters are feeding at two higher trophic levels than that
of the shelf clupeids and one higher than that of the shelf piscivores,
as a consequence of the tightly coupled microbial loop of bacterial
and protozoan components, nourishing nutrient recycling among
the longer oceanic food web, based on ammonium, rather than
mainly on nitrate and dinitrogen gas (Table 1).
Finally, the early isotopic signature of prehistoric Indians of St.
Catherines Island, Georgia was a d15N of +12.8‰ by 1075 (Schoen-
inger et al., 1983), similar to that of +13.8‰ for menhaden in the
Gulf of Mexico (Deegan et al., 1990). Yet, these early residents of
the SAB instead harvested the parallel diatom-based food chain
as mainly consumers of piscivorous fish of +10.0‰ (Table 1). Most
of these fish were then available to both them and the contempo-
rary Calusa Indians, adjacent to the upstream WFS. They made
hooks to catch snapper, grouper, and mackerel and spear points
for impaling both mullet and flounder (Widmer, 1988; Hann,
2003). Furthermore, skeletal remains indicate that mullet, grouper,
drum, and other fish were �80% of the Indian diet at the Venice
shell midden of Sarasota County (Fraser, 1980; Ruppe, 1980).

They may then have instead consumed only a small amount of
shellfish, like the seasonal diet of Texas Indians, described by Cabe-
za De Vaca in the 1500s, when inferred red tides also killed fish. A
prior model of oyster production and food quality within a larger
Venice, FL lagoon, at even earlier and thus lower preColumbian
sea levels of �2 m, has been formulated. It suggested that shellfish
of this region might have fed at most 50 ancestors of the Calusa
Indians for �20 years, assuming a nominal plankton supply for
mollusks, composing �25% of the Florida Indian diet, about
2000 years ago (Lightfoot and Ruppe, 1980; Widmer, 1988).

During these measurements of d15N–PON on the inner WFS dur-
ing 1998–2001 (Fig. 10), a seasonal doubling of the mean near
shore DON stocks, from 5.6 lmol DON kg�1 in September 1998 to
12.1 lmol DON kg�1 in December 1998, was also observed on the
WFS, within surface waters between the 25 m isobath and the
coast (Vargo et al., 2002). Most of this DON increment occurred
mainly after the start of the red tide that year in November 2008,
when just 7.8 lmol DON kg�1 were found (Vargo et al., 2002).
The urea component of DON is readily used by K. brevis (Baden
and Mende, 1979; Steidinger et al., 1998).

Similar fall increments of dissolved organic phosphorus (DOP)
are also observed on the WFS (Vargo et al., 2008), where K. brevis
can use DOP (Vargo and Howard-Shamblott, 1990). We believe
that decomposing diazotrophs and dead fish are together the major
organic nutrient sources for both formation and maintenance of
toxic red tides of K. brevis within Florida coastal waters, from off
the Panhandle to the SAB at the Georgia border.

Since the red tides use both DON and DOP, the observed accu-
mulations of organic nutrients left behind in the water column
(Vargo et al., 2002, 2008) reflect a net balance between the meta-
bolic plankton processes of nutrient remineralization and utiliza-
tion. The d15N of suspended PON during this time period
(Fig. 10), together with the food web isotope budget (Table 1), thus
allowed us to test the simplest hypothesis that each source of recy-
cled nutrients, from diazotrophs and dead fish, supplied about half
of the nutrient requirements of the 1998–2001 red tides.

Accordingly, direct harvest of shelf clupeids by K. brevis within
the shorter shelf food web of the WFS is a most efficient energy
transfer process, explaining why an annual primary production of
�200 g C m�2 year�1 occurred there, over bloom regions of
�2.3 � 104 km2 extent, from Cedar Key to Naples, out to the 40
m isobath during 1978–1982 (Vargo et al., 1987). These 1978–
1982 red tides were then mainly of 1–10 lg chl l�1 size, not the
biomass accumulation of 10–100 lg chl l�1 found during 2006
(Fig. 2), such that their former spatial extent included red tide
boundaries of >0.1 lg chl l�1. Yet, the in situ 14C estimates of daily
total photosynthesis during the 1980 phytoplankton blooms of the
WFS ranged from 1.1 to 2.9 g C m�2 day�1 (Vargo et al., 1987),
compared to an annual carbon fixation of only �25 g C m�2 year�1

for Biscayne Bay (Roman et al., 1983) on the east coast of Florida,
where red tides are rare imports.

Harpactacoid copepods serve as grazers of Trichodesmium with-
in the upstream Guiana (Calef and Grice, 1966) and downstream
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Florida (Roman, 1978) Currents, but are rare on the WFS (Lester,
2005). Other copepods do not eat these diazotrophs on the North
Carolina shelf (Guo and Tester, 1994), such that we also assume
that little of their production is directly harvested by higher tro-
phic levels of the WFS/SAB in the isotope budget (Table 1). In con-
trast, WFS diatoms are the preferred food of calanoid copepods
(Kleppel et al., 1996). Similarly, when given a prey choice between
diatoms and K. brevis off North Carolina within the SAB, Acartia ton-
sa – a usual near shore zooplankton resident of the WFS (Lester
et al., 2008) – also ate only the diatoms (Turner and Tester, 1997).

We thus further assume that half of the WFS annual production
of 200 g C m�2 year�1 is due to diatoms, supporting the parallel
food chain of: calanoid copepods (Kleppel et al., 1996); first-feed-
ing fish larvae (Ditty et al., 1994); juvenile and adult zoophagous
fish (Houde and Chitty, 1976); and fish piscivores (Roelke and Cif-
uentes, 1997), leading to annual cohorts of the dominant WFS
clupeids (Houde, 1977a–c). The isotope budget (Table 1) also sug-
gests a 50% harvest of diatom-grown dead fish, via calanoid cope-
pods, by K. brevis within the third intersecting parallel food chain
of diazotrophs and toxic dinoflagellates.

Accordingly, we estimate the loss of secondary production of
the zooplanktivore clupeids to dinoflagellate predation within this
other companion food chain of: diazotrophs; ineffective harpacta-
coid copepods; red tides; and poisoned fish. It was
�50 g C m�2 year�1 during 1998–2001, or half of the remaining
diatom primary production of 100 g C m�2 year�1, since both dino-
flagellates and diazotrophs [each�50 g C m�2 year�1 of partitioned
photosynthesis] are the dominant, larger net plankton components
of the non-siliceous WFS phytoplankton community (Vargo et al.,
Fig. 11. The 75-day trajectories of the model’s surface drifters, representing water parce
dates are (A) 6 August and (B) 6 September 2007 in relation those of (C) 21 September, an
the West Florida coastline, where color changes depict days after release.
1987; Walsh et al., 2003). The smaller microflagellates of the
microbial web are instead heavily grazed by microzooplankton
protozoans (Strom and Strom, 1996), occasionally providing meals,
in turn, for the calanoid copepods (Kleppel et al., 1996) and
menhaden.

In comparison, �8.0 million pounds of baitfish, including Span-
ish sardine and thread herring (Fig. 3), were caught on the WFS
during 2001, between the Florida Panhandle and south of Tampa
Bay (Mahmoudi et al., 2002). Since both S. aurita and O. oglinum
are mainly seasonal spawners between the coast and the 30 m iso-
bath (Houde et al., 1979), and fisheries-independent surveys of
their adult abundance during 1994–2002 were taken over the
same subregion of the inner WFS (Pierce and Mahmoudi, 2001;
Mahmoudi et al., 2002), we first assume that the fishing harvests
were mainly derived from this near-shore region.

Accordingly, we use a cumulative yield area of �0.9 � 105 km2

for the bait fish catches, from the coast to the 37 m isobath (Okey
and Mahmoudi, 2002), instead of a total WFS area of
�2.1 � 105 km2 (Walsh, 1988). On this basis, human harvests of in-
stead only 0.007 g C m�2 year�1 of baitfish, with a fish dry weight
(dw) of 25% wet weight and a carbon content of �57% dw (Walsh
et al., 2006), during 2001 were thus insignificant losses of the zoo-
planktivore fish populations, compared to inferred red tide har-
vests of these fish of �50 g C m�2 year�1 over the same region.

Conversely, using the smaller area of 1978–1982 red ides of
>0.1 lg chl l�1, i.e. �2.3 � 104 km2 extent (Vargo et al., 1987), the
human fishing losses, if confined to just this red-tide infested area
of the WFS, would have been 0.064 g C m�2 year�1 of baitfish. In-
stead, if we next normalize the fishing losses to only the WFS area
ls of entrained WFS red tides of K. brevis during 2006 and 2007. The respective start
d (D) 6 October 2006. All were released along the 10–20 m isobaths within 30 km of
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of the 2006–2007 red tides of >1 lg chl l�1, i.e. �3.8 � 103 km2 ex-
tent (Figs. 12 and 13), we arrive at an estimated human fishing loss
of 0.387 g C m�2 year�1 of baitfish. This last estimate of compara-
ble fishing loss is still less than 1% of the above harvest of baitfish
secondary production of �50 g C m�2 year�1, attributed to red tide
predation during 1998–2001, based on this new nitrogen budget
(Table 1).

Since red tides are only ichthyotoxic at populations levels of
>1 lg chl l�1 (Landsberg, 2002), this last comparison suggests that
‘‘normal” predation losses of coastal clupeids to red tides were, at
least, >90% during 2001, compared to a fisheries harvest of <10%
that year – as a conservative estimate. Thus, the predatory impact
of red tides can no longer be ignored in prudent management of
either these fisheries at an intermediate trophic level, or those at
higher trophic levels of the piscivore groupers, snappers, and
mackerels.

3.2. CPR predicted export of the 2006 and 2007 red tides

Following the observed trajectory of satellite-tracked surface
drifters (Fig. 6) at the demise of the 2005 red tides (Fig. 2), the sim-
ulated surface drifters, released during September–October 2007,
were advected over the proper time span to the Loop Current,
and thence to US east coast points farther north via the model’s
Gulf Stream (Figs. 11a and b). These model drifters represented tra-
jectories of the entrained red tides during 2007. In contrast, the
near shore 2006 drifting red tides remained mostly on the WFS
(Figs. 11c and d), with only a few water parcels and thus minimal
red tides (Fig. 8a) transported eastwards to the Miami environs.
Fig. 12. The 2006 case of the CPR model has a respective fish-fed growth rate of red tide o
brevis on 08/28/06 and 09/01/06. The satellite means of the first panel (closed circles of (A
06, of (B–D). The different computed daily chlorophyll stocks of K. brevis in the model ass
(A), with the onset of fish-fed maintenance begun on 20 August 2006.
Both winds, and Loop Current proximity to the shelf-break,
were factors in occurrence of the 2007 decantation of red tides.
Moreover, the same circulation that led to transport offshore,
near the surface, led to onshore transport to the south, near
the bottom. This accounts for the appearance of cells of K. brevis
off Fort Myers (Fig. 2), coincident with red tides and fish kills
along the east coast (Fig. 8b). With large enough decantation,
the Fort Myers bloom of K. brevis was short lived during 2007
(Figs. 2, 8b).

The earlier occurrence of K. brevis populations at Jacksonville,
and also their dispersal along the Florida Panhandle, during
2007 had to rely on previous water movements, for which in
situ cell counts of K. brevis within both the offshore epicenter
and the coastal one are not available. Nevertheless, a similar
set of water parcel trajectory analyses, originating one month
earlier, exhibited such decantations of surface drifters and en-
trained sun-adapted diazotrophs to the east Florida shelf (not
shown).

Recall that surface precursors of red tides were observed as
Trichodesmium populations within the coastal WFS red tide epicen-
ter during July–August 2007 (Fig. 7b). We next do show the results
of additional export from the Florida Middle Ground, which is
effectively an offshore translation of earlier westward transport
of coastal WFS red tides. Thus, a history of deduced shelf export
of red tides from the WFS over the last �120 years, since at least
1886 (Knowles, 1887; Brongersma-Sanders, 1957) to 2007 (Figs.
11a and b), provides testimony to the pervasive, ichthyotoxic nat-
ure of Karenia spp. red tides (Fig. 9b), and their downstream move-
ment along the southeastern US seaboard.
f 0.25 day�1, as determined from model fits of the observed ichthyotoxic levels of K.
)) are from the areal white masks of >1 lg chl l�1 on those dates, as well as on 09/20/
ume respective net specific exponential growth rates of 0.08, 0.25, and 1.00 day�1 in



Fig. 13. The 2007 case of the CPR model has a respective fish-starved growth rate of red tide of 0.08 day�1, as determined from model fits of the observed ichthyotoxic levels
of K. brevis on 09/06/07, 09/08/07, and 09/13/07. Once more, the satellite means of the first panel (closed circles of (A)) are from the areal white masks of >1 lg chl l�1 on those
dates, as well as on 09/29/07, of (B–E). Note that some fish kills were observed in 2007 on the WFS, but 10-fold less than in 2006, such that by mid-September 2007, a
maximal growth of 0.25 day�1 was no longer realized in (A). Onset of the fish-starved scenario began at a diazotroph-fed stock of 1 lg chl l�1 of red tide on 2 September 2007.
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3.3. Fish-fed and fish-starved red tides

Finally, to test our hypothesis of large and small nutrient sup-
plies from decomposing fish for respective maximal and minimal
growth rates of K. brevis, we used the USF satellite algorithms of
the surface biomass of diazotrophs and dinoflagellates (Carder
et al., 2007; Cannizzaro et al., 2008). We employed remote esti-
mates of the daily changes of red tide abundance of >1 lg chl l�1

over the WFS during August–September 2006 and 2007 (Figs. 12
and 13), when 10-fold interannual variations of fall red tides
(Fig. 8) and fish kills (Fig. 9) were noted, despite the same amounts
of precursor diazotrophs (Fig. 7), in response to similar Saharan
dust loadings (Fig. 4).

With little export of coastal red tides from the WFS during 2006
(Fig. 11), fish kills were 10-fold larger during September of that
year, compared to 2007 (Fig. 9), providing presumably large
amounts of ammonium, urea, and other DON for maximal growth
of red tides. Using the daily satellite estimates of biomass incre-
ments within regions of >1 lg chl l�1 of K. brevis (the areal white
masks of Figs. 12 and 13), a respective fish-fed growth rate of red
tide of 0.25 day�1 correctly replicated the mean temporal change
of WFS red tides, between 28 August and 1 September 2006
(Fig. 12). We assumed that the red tide began at a diazotroph-fed
population level of 1 lg chl l�1 on 20 August 2006 (Fig. 12). The
fish-starved growth rate for K. brevis of 0.08 day�1 was then too
small during 2006, while a diatom growth rate of 1.00 day�1

(Walsh et al., 2001) was too large (Fig. 12).
In contrast, much larger physical export of coastal red tides dur-

ing 2007 (Fig. 11), resulted in 10-fold less red tides (Fig. 8) and fish
kills (Fig. 9) during August–September 2007 on the WFS. Accord-
ingly, with presumably less recycled dead fish supplies of nitrogen
and phosphorus released to the water column, the maximal fish-
fed growth rate of 0.25 day�1 in the CPR model only matched the
observed ichthyotoxic levels of K. brevis between 6 and 8 Septem-
ber 2007 (Fig. 13).

Recall that the satellite means of the first panel (closed circles of
panel A) of Fig. 13 are from the areal white masks of >1 lg chl l�1

on those dates, as well as on 29 September 2007, i.e. panels B–E of
that Figure. After the dead fish nutrients were utilized, the satellite
means of the first panel of Fig. 13 (closed circles of panel A) then
reflected a reduced red tide growth rate of �0.08 day�1 by 13 Sep-
tember 2007. Here, we assumed that the onset of fish-starved
maintenance instead began on 2 September 2007 (Fig. 13). Again,
a diatom growth rate of 1.00 day�1 was also much too large in
the model to replicate observations of phytoplankton biomass in
fall 2007 (Fig. 13), suggesting little estuarine supplies of nutrients
at the correct, required N/P/Si ratios (Walsh et al., 2003, 2006; Dar-
row et al., 2003) to then fuel their coastal blooms (Fashnenstiel
et al., 1995).

Note that although some of the observed red tides and fish kills
were reflected in the 2007 trajectories from the coastal epicenters
of the WFS (Fig. 11), other blooms and dead fish along the Florida
Panhandle were not. A second set of 75-day trajectories of the
model’s surface drifters (Fig. 14) thus represented other water par-
cels of entrained WFS red tides of K. brevis, with again a start date
of 6 September 2007. But, these initial red tides were instead re-
leased along both the (A) 10–20 m and B) 60–80 m isobaths, as
well as above (C) the 30–45 m isobaths of the Florida Middle
Ground in the Big Bend region off the West Florida coast. Once
more, color changes again depict days after release (Fig. 14).

We suggest that the model’s circulation, driven by a combina-
tion of local wind, buoyancy, and Loop Current forcings, is a correct



Fig. 14. A second set of 75-day trajectories of the model’s surface drifters, representing water parcels of entrained WFS red tides of K. brevis with a start date of 6 September
2007, were instead released along both the (A) 10–20 m and (B) 60–80 m isobaths, as well as above the 30–45 m isobaths of the Florida Middle Ground in the Big Bend region
off the West Florida coast, where color changes again depict days after release. Now the coupled CPR model suggests red tide landfalls off both the North Carolina and
Alabama coasts.
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depiction of plankton transport (Fig. 14). It now accounts for the
2007 decantation of Florida red tides from both the coastal and off-
shore epicenter regions of the WFS, respectively, to the Florida east
coast of the SAB and off the Florida Panhandle to Alabama (Fig. 15).
But, the model required an additional set of initial conditions, i.e.
red tides fed initially by diazotrophs on the Florida Middle Ground
(Fig. 1).

Previously, after first detection along western counties of the
Florida Panhandle on 17 October 1996, a red tide of K. brevis and
congeneric species, including K. papilionacea, led to a westward
propagation of oyster accumulations of brevetoxins. By 9 Novem-
ber 1996, shellfish bed closures were enforced here and within
Fig. 15. Satellite imagery on 23 October 2007 of (A) optical signatures of T. erythraeum
phytoplankton community, (C) backscatter per unit chlorophyll, and (D) fluorescence line
(E) sea surface temperatures, in relation to (F) the computed surface red tides on that day
K. brevis at a smaller growth rate of 0.08 day�1. The white crosses indicate launch sites
Louisiana coastal waters, east of the Mississippi River delta, at
the state regulatory standards of >0.5 lg chl l�1 of K. brevis (Brown
et al., 2006). Yet, these are relatively rare events on the northwest-
ern WFS. Coastal blooms of Karenia spp. and dead fish have been
observed off Pensacola, FL for just 16% of a 51-year interval
[1957–2007] during 1960, 1964, 1969, 1990, 1996, 2000, 2005,
and 2007.

Now the coupled CPR model replicated the 2007 red tide land-
falls off both the North Carolina and Alabama coasts (Fig. 15). Sa-
tellite imagery provided validation data on 23 October 2007 of:
(A) optical signatures of T. erythraeum (pale blue color) and K. bre-
vis (reddish-black color); (B) total chlorophyll of the phytoplankton
(pale blue color) and K. brevis (reddish-black color), (B) total chlorophyll of the
height to minimize CDOM contamination of the color signal of phytoplankton, and

, when the red symbols now denote stocks of stocks of >34 lg chl l�1 of fish-starved
of surface drifters and entrained initial red tides on 6 September 2007.
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community; (C) backscatter per unit chlorophyll; (D) fluorescence
line height to minimize CDOM contamination of the color signal of
phytoplankton; and (E) sea surface temperatures, in addition to in
situ observations of K. brevis cell counts by FWRI.

The model’s computed surface red tides on 23 October 2007 are
the red symbols of Fig. 15f, denoting K. brevis of stocks of
>34 lg chl l�1. They were grown in the model at a fish-starved
growth rate of K. brevis of only 0.08 day�1, during transit of the
water parcels. The white crosses of Fig. 15f indicate launch sites
of surface drifters and entrained initial red tides on 6 September
2007. These simulation results suggest that spatial dislocations of
the initial summer red tide growth along the coastline of the
WFS are normal events during the fall maintenance season.

During 2001, after a summer export event to just mid shelf
(Fig. 5), the coastal populations of K. brevis attained September bio-
mass levels of �100 lg chl l�1, like those of 2005 and 2006, but not
of 2007 (Fig. 2). The population decreases of these local stocks dur-
ing 1972, 1977, 1987, 1990, and 2007 (Fig. 2) were instead associ-
ated with even longer transits of K. brevis populations to as far
away as Alabama and North Carolina coastal waters. The September
biomasses of these physically diluted WFS red tides (Kierstead and
Slobodkin, 1953), after export, were instead �1 lg chl l�1 (Fig. 2).

If red tides are indeed routinely exported, by physical decanta-
tion of entrained initial populations of K. brevis within ocean cur-
rents, away from at least the mobile adult fish populations, the
reduction of this source of natural mortality from red tides may
partially offset those from commercial and sport fishing. During
the 1997–1998 small red tides (Fig. 2), for example, the fishing har-
vests of both S. aurita and O. oglinum increased during those years
(Fig. 3), following increments of their C.P.U.E.s, and presumably
stocks, in 1996 (Table 2). Recall that predation losses to serranid
and lutjanid piscivores were then estimated to instead comprise
>90% of the clupeid mortalities in 1997–1998 (Okey and Mahmou-
di, 2002).

On the Florida Middle Ground and within Apalachee Bay, the
zooplankton exhibit spring maxima of biomass accumulation
(Grice, 1957; Austin and Jones, 1974), before the rare summer
red tides. These zooplankton are, in turn, consumed by local clu-
peid populations, which are occasionally poisoned by the red tides
(Ingle and Williams, 1966; Walsh et al., 2002). Over the last
50 years, only eight red tides and associated fish kills occurred
along the Florida Panhandle coastline.

Yet, 69% of the landings of 2.2 million pounds of baitfish during
2001 were O. oglinum off Tampa Bay, compared to only 27% of the
similar amount of 2.6 million pounds of baitfish caught off the Flor-
ida Panhandle (Mahmoudi et al., 2002), where red tide mortalities
to all fish should be less. Since a large red tide was retained on the
WFS during September 2001 (Fig. 2), we assume that physical ex-
ports to either Alabama, or North Carolina, coastal waters were
then minimal. Over fishing by humans, rather than predation by
‘‘prudent” red tides and fish piscivores, is a more likely explanation
for long term changes of the implied WFS clupeid stocks (Fig. 3).

Indeed, the annual C.P.U.E. for O. oglinum over the whole WFS
increased by 30% during 2002, after the 2001 large red tide (Table
2). In the face of continued fishing pressure, the evolutionary strat-
egy of thread herring as a spring spawner on the WFS (Houde,
1977b), with less larval susceptibility to predation by fall red tides,
may no longer have conveyed a competitive advantage against the
summer spawning S. aurita by 2007. After the 2005 and 2006 red
tides, the annual C.P.U.E. of thread herring in 2007 was only
�25% of that in 2002 (Table 2).

3.4. Prudent predation by red tides versus overfishing by humans

At higher trophic levels, yields of both king mackerel, S. cavalla,
and red grouper, E. morio, (Fig. 3), as well as gag grouper, Mycterop-
erca microlepis, declined during the 1985 red tide (Fig. 2). These
groupers, like red snapper, e.g. Lutjanus campechanus, and vermil-
lion snapper, R. aurorubens, are desirable fish food at the top of
the WFS food web, with a long history of exploitation by US com-
mercial fishermen, since 1880 (Stearns, 1887) and earlier (Wood,
1883; Camber, 1955; Porch et al., 2007). All of these piscivores
eat clupeids, which humans also fish, providing both competition
and an assessment of the fluctuations of abundance of these fish
predator and prey stocks.

In terms of annual catch per unit effort, the relative C.P.U.E.s of
the dominant summer clupeid spawner, S. aurita, were the same
during 2006 and 2007 (Table 2). Assuming that relative C.P.U.E.
is an index of their adult abundance (Gulland, 1983), we infer that
there was little interannual change of Spanish sardine stocks, as a
consequence of ‘prudent predation’ by concurrent summer red
tides. Over a longer decadal time interval, between the 1995 and
2005–2006 red tides, the annual C.P.U.E. of S. aurita actually in-
creased �10-fold (Table 2).

In contrast, the relative annual C.P.U.E. of the dominant spring
clupeid spawner, O. oglinum, during 2007 was 47% of that realized
in 2006 (Table 2), implying that continued fishing over a few dec-
ades (Fig. 3) may now be impacting some of the WFS’s food web
components, and not others. After the 1995 red tide, the C.P.U.E.
of thread herring in 1996 increased slightly. But by 2007, after
the 2005–2006 red tides, it had decreased by �4-fold, compared
to its C.P.U.E. during 1996 (Table 2).

As reflected in the seasonal C.P.U.E.s from the WFS (Fig. 16), S.
aurita mainly spawns during summer. In 2007, it yielded a 33-fold
larger annual commercial catch than that of H. jaguana, the other
summer clupeid spawner (Houde, 1977b; Houde et al., 1979).
Moreover, the monthly C.P.U.E.s of S. aurita during June–July
2006 of the 10-fold larger red tide (Fig. 2) were 2- to 3-fold larger
than those of the same months in 2007 (Fig. 16d). These data sug-
gest that red tide-induced mortalities had little impact on the sur-
vival of the Spanish sardines. We conclude that K. brevis is a
prudent predator, compared to humans, within both evolutionary
and resource management contexts.

The monthly C.P.U.E.s of thread herring, O. oglinum, reflect their
spring spawning strategy as well (Fig. 16c). Unlike the Spanish sar-
dine, however, the subsequent June 2006 C.P.U.E. was much smal-
ler during the large red tide, than in the same month of June 2007
during the following small red tide. We thus infer that fishing mor-
tality is of greater consequence for thread herring population
dynamics than predation of red tides, outside their spring spawn-
ing window of larval survival on the WFS.

Serranid piscivores are also spring spawners on the outer WFS,
with M. microlepis more abundant during March–April (Coleman
et al., 1996; Fitzhugh et al., 2005) and E. morio instead dominant
during April–May (Moe, 1969). Over the same decade of 1996–
2007, when thread herring C.P.U.E.s and presumably their stocks
declined 4-fold, those C.P.U.E.s of their serranid predators doubled
for E. morio and remained the same for M. microlepis (Table 2). The
selective decline of clupeid prey may have reflected increased con-
sumption of O.oglinum juveniles and spawning adults by those fish
predators, which may be more abundant during later spring, i.e. E.
morio. The earlier spawning gag grouper may instead consume
other baitfish, not as closely linked to fishing mortalities imposed
by humans, i.e. Atlantic bumper and some shads.

In contrast, red, gray, and vermillion snapper, L. campechanus, L.
griseus, and R. aurorubens, are mainly summer spawners within the
same regions of the WFS (Houde et al., 1979; Allman and Grimes,
2002; Lyczkowski-Schultz and Hanisko, 2007). Over the same dec-
ade of 1996–2007, when Spanish sardine C.P.U.E.s and presumably
their stocks increased 4-fold, the C.P.U.E.s of both lutjanid pisci-
vores also increased as well, but only by 125–177%, not by 400%
(Table 2). We thus infer that summer red tides also ‘‘prudently”



Fig. 16. The seasonal landings and C.P.U.E. of (A and C) thread herring and (B and D) spanish sardine during 2004–2007 from the West Florida shelf.
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harvested these sardines, in addition to their losses imposed by
adjacent fishermen and other marine piscivores (Fig. 16). Since fish
predation by shelf-shaded, larger populations (Carder and Steward,
1985) of K. brevis is a positive feedback mechanism, involving up-
ward migrations to harvest at the sea surface: light; sun-adapted
diazotroph nutrients; and bloated, decomposing fish nutrients,
fewer fish mean smaller red tides.

Finally, note that the C.P.U.E.s of the scrombrid piscivore, S. ca-
valla, also remained the same over the decade of 1996–2007,
exhibiting no long-term trend. With no commercial fishery for
their presumed prey of mainly round herring, information is thus
not available on stock fluctuations of Etrumeus teres. It is a winter
spawner on the outer WFS (Houde et al., 1989), when stronger sea-
sonal winds (Yang and Weisberg, 1999), then effect greater off-
shore transports of fish eggs and larvae within the surface Ekman
layer. However, numerous information is present on various life
stages of the predator S. cavalla on the WFS (Grimes et al., 1990;
DeVries and Grimes, 1997; Gledhill and Lyczkowski-Schultz,
2000), with broad definition of its trophic status here and within
the SAB (Roelke and Cifuentes, 1997).

Moreover, E. teres is also a winter spawner on the downstream
North Carolina shelf (Hare and Govoni, 2005), playing presumably
the same role as prey for local populations of king mackerel there
(Clardy et al., 2008). Yet, if winter round herring are not harvested
by red tides of the WFS, nor seen there during spring surveys of
shallow waters of <30 m depth (Pierce and Mahmoudi, 2001; Mah-
moudi et al., 2002), any population variances of E. teres and S. ca-
valla may be in steady state, as an unexploited clupeid fishery
(Houde, 1977a). Future modeling studies of physical transports of
entrained plankton populations: either red tides in search of fish
food; or larval fish during recruitment to older stages of sustain-
able fisheries (Cushing, 1990), must thus resolve these past opaque
sets of observations, linking both the inner and outer WFS to
downstream parts of the SAB.

4. Discussion

In terms of maintenance of these red tides, dead fish on the WFS
are not just inconvenient olfactory indices of concurrent toxic
shellfish and airborne pulmonary events for the adjacent humans.
At summer temperatures, as much as 50% of some Florida fish de-
cay to inorganic forms of phosphorus and nitrogen within one day
(Stevenson and Childers, 2004). Moreover, some clupeids also pro-
vide about 50% of the nitrogen supply for red tides (Table 1). Thus,
both these fish and the diatom-based food web supporting them
(Table 1) must be included as explicit state variables of future
operational models of Florida red tides (Fig. 17).

Pressing societal issues of K. brevis plague the WFS, involving:
red tide initiation, transport, land fall; associated ecological im-
pacts on coastal food webs, i.e. death of fish, manatees (Landsberg
and Steidinger, 1998; Flewelling et al., 2005), and sea birds at high-
er trophic levels; as well as the socioeconomic and health conse-
quences of neurotoxic shellfish poisoning, asthmatic events,
interrupted commercial/recreational harvests of molluscs, baitfish,
groupers, snappers, mackerels, and lost tourism receipts. To deal
with these and other coastal ocean related societal problems of
storm surges, navigational hazards, and trajectories of disabled
vessels, we formed a joint Center for Prediction of Red tides
(CPR) at the University of South Florida and the Fish and Wildlife
Research Institute of the Florida Fish and Wildlife Conservation
Commission.

The CPR builds upon our combined physical and biological
expertise of in situ sampling via an emergent coastal observing sys-
tem, remote sensing, and both the ocean circulation and biological
aspects of red tide modeling in relation to stock assessments of fish
within upstream Florida coastal waters – to wit, the present anal-
ysis. However, the present and future major ecological aspects of
continuing public concern, here and along the downstream south-
eastern United States seaboard, remain a larger set of societal prob-
lems as: abatement of any significant eutrophication; exacerbation
of present overfishing; and future red tide strandings, involved in
their decantation to tourist-prone coastal regions.

Red tides and fish kills of K. brevis are not just local Florida
events, but common to the Gulf of Mexico, the SAB, and occasion-
ally the MAB over the last three centuries, since at least 1696–1886
(Knowles, 1887; Andrews and Andrews, 1945; Brongersma-Sand-
ers, 1957). Beginning in 1792 (Lerdo de Tejada, 1850), moreover,
fish kills were recorded off the state of Veracruz, Mexico like those
found on the Tabasco shelf in 1648 (Lopez Collogudo, 1688) and on
the Texas shelf during 1529–1534 (Cabeza de Vaca, 1542). Time
series of fish kills, and most importantly as a diagnostic tool for
the likely causal agent of K. brevis, of dry coughs and throat irrita-



Fig. 17. Future ecological model, HABSIM, coupled to various nested circulation models, for eventual forecasts of an operational model of red tides along coastal regions of the
southeastern United States, from the West Florida shelf to the South Atlantic Bight.

J.J. Walsh et al. / Progress in Oceanography 80 (2009) 51–73 69
tions were then compiled for the Veracruz region during 1853,
1861, 1865, 1871, and 1875 (Nunez Ortega, 1879). He wrote ‘‘in
the last days of October 1875, the inhabitants of Veracruz were
repeatedly bothered by a dry cough caused by irritation of the
throat... The north wind blew with major intensity ... and an enor-
mous quantity of dead fish had washed ashore along the beach”
(Magana et al., 2003).

Moreover, over an even longer millenium, we note that, unlike
prehistoric Indians on Santa Cruz Island, harvesting sea food from
the California Current with a resultant bone collagen of a d15N of
16.6‰, after 1150 (Walker and DeNiro, 1986), eastern Indians at
the similar latitude of St. Catherines Island, Georgia had a smaller
d15N of 12.8‰ (Table 1) by 1075 (Schoeninger et al., 1983). The
Georgia Indians then also did not eat maize, but instead were pre-
dominantly marine resource harvesters of the adjacent SAB
(Schoeninger et al., 1983).

At these latitudes, eastward propagation of Gobi dust storms to
California are much rarer events, than westward transport of Sah-
aran dust falls to Florida and Georgia (Duce and Tindale, 1991; Jick-
ells et al., 2005). Within the SAB, the diazotrophs are, at times,
dominant members of the plankton, amounting to >50% of the bio-
mass (Dunstan and Hosford, 1977), downstream of aerosol influxes
of Saharan dust. They have been associated with westward dust
storms and toxic red tide events, since at least colonial times, as re-
corded by Darwin, Dickinson, Cabeza de Vaca, Nunez Ortega, Lerdo
de Tejada, Lopez Collogudo, and others.

Within intermediate levels of the marine food web (Table 1),
the zooplankton also reflect these isotope differences of both the
primary producers and human consumers at higher trophic levels,
with and without dust loading of the consequent nitrogen-fixers of
lighter d15N. The zooplankton at the shelf-break, for example, have
d15N of +5.4‰ within the upstream Antilles Current of the SAB
(Montoya et al., 2002), compared to +9.7‰ in the Southern Califor-
nia Bight (Mullin et al., 1984). Within costal regions, the d15N of
estuarine zooplankton still reflect regional differences of nitro-
gen-fixation at the base of the food web, with values of +7.1‰

for zooplankton within Graveline Bay Marsh, Mississippi (Sullivan
and Moncreiff, 1990), compared to +11.9‰ for pelagic inverte-
brates of the Tijuana River estuary, near San Diego (Kwak and Ze-
dler, 1997).

To provide perspective on the food web yields of marine fish
available to preColonial inhabitants of St. Catherines Island, Geor-
gia during 1075 (Table 1), before they were forced to grow maize,
with a d15N of +2.2‰ (Schoeninger et al., 1983), for subsequent
Spanish slavers, historical observations of shipwrecked voyagers
are available. For example, Jonathan Dickinson observed local Ais
Indians fishing during 1696 along the east coast of Florida (An-
drews and Andrews, 1945), as ‘‘In two hours time he got as many
fish [striped mullet, Mugil cephalus – a detritivore, and red drum,
Scianenops ocellatus – a piscivore] as would serve 20 men: there
were others also fishing at the same time, so that fish was plen-
ty ... boiled with scales, heads, and gills” served on ‘‘small palmetto
leaves”. Note that the same species of fish were also eaten much
earlier at the Venice shell midden, along the Florida west coast,
during �1981 BP (Lightfoot and Ruppe, 1980; Fraser, 1980).

Another earlier shipwrecked Spaniard, Hernando d’Escalante
Fontaneda, who lived at Calos with the Calusa Indians, near Fort
Myers, from 1545 to 1566, wrote in 1575 about food sources
for local Indians, north along the east Florida coast (True, 1945).
He said that within the downstream SAB, off ‘‘Santa Elena” [Tybee
Island, Georgia – Milanich (1995)], ‘‘the natives are poor ... some
seed pearls are found there in certain conchs. The cat fish, oysters
(roasted or raw) ... While they kill them, the women bring wood
to cook or broil on grates” True (1945). Thus, not surprisingly,
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the bone collagen of disinterred Indians of St. Catherines Island,
GA had a d15N of +12.8‰ during 1075 (Schoeninger et al.,
1983). This isotope marker places them at the apex of basically
a subsistence marine food web (Table 1), supported at the bottom
by nitrogen sources from �50% nitrogen-fixers and 50% decom-
posing clupeids.

Red drum feed on fish, which eat zooplankton, like king mack-
erel and vermillion snapper (Table 1). Whereas, mullet consume
bacterial degraded phytodetritus at a lower trophic level of the
coastal food web. The plant diet of M. cephalus along Sapelo Island,
GA is of equal phytoplankton origin, not just marsh grasses, Sparti-
na spp., with a resultant d15N of + 7.6‰ (Peterson and Howarth,
1987), similar to the local WFS zooplanktivore clupeids (Table 1).
The same light d15N of + 7.6‰ for M. cephalus is also found within
the upstream northern Gulf of Mexico, in Mississippi coastal
waters (Sullivan and Moncreiff, 1990). But, again without the
WFS/SAB label of nitrogen-fixation, the same species of mullet in
southern California coastal waters has instead a heavier d15N of +
16.0‰ (Kwak and Zedler, 1997).

Accordingly, for continued description of these complex inter-
actions of the biotic response to physical forcing, any future oper-
ational model for automated predictions of the onset,
maintenance, and dispersal of red tides within the WFS, the adja-
cent Gulf of Mexcio, and the downstream SAB and MAB must con-
tain a minimal set of state variables (Fig. 17). Based upon these and
prior simulation analyses, the physical variables are the hourly
three-dimensional flow fields and mixing coefficients, as well as
piston velocities across the air–sea interface, from a set of nested
circulation models, providing appropriate far-field boundary
conditions.

The embedded ecological model, HABSIM (Fig. 17), must also in-
clude spectral light; water-leaving irradiance; absorbence; back-
scatter; nitrate; ammonium; phosphate; silicate; dissolved iron;
DIC; dissolved organic forms of carbon/nitrogen/phosphorus;
CDOM; and bacterioplankton; that mediate competition among
the functional groups of phytoplankton. These end results of the
coupled circulation and ecological models, expressed as the respec-
tive chlorophyll contents of diatoms, K. brevis, microflagellates, and
T. erythraeum, must be updated continuously with satellite data,
e.g. Figs. 5, 12, 13, and 15, in a data assimilation mode.

Such phytoplankton functional groups must also be harvested
by simulated zooplankton herbivores, i.e. protozoans and copepods
(Milroy et al., 2008); as well as by bioturbating benthos (Darrow
et al., 2003), in a future operational model of both red tide initia-
tion and maintenance (Fig. 17). Finally, to provide a dead fish
source of maintenance nutrients, these modeled zooplankton, in
turn must be harvested by the dominant clupeids of the WFS:
threadfin and round herring; scaled and Spanish sardines. As in
the case of our prior use of extant physical circulation models
(Weisberg et al., 2009), we have now begun to also adapt the exist-
ing FWRI (Okey and Mahmoudi, 2002) ECOPATH model of higher
trophic levels on the WFS.

Fishing mortality, compounded by K. brevis culling, on the WFS
of sardines and herrings is no longer thought to be small, based on
our isotope budget (Table 1), compared previously to just natural
harvests by grouper and other piscivores during 1997–1998 (Okey
and Mahmoudi, 2002). A decade later, increased awareness and
thus sampling has led to the realization that small and large red
tides of Karenia brevis are annual events along the West coast of
Florida, with establishment of a multi-decadal time series of their
initiation, intensity, and duration each year (Fig. 2). The small red
tides left behind on the WFS are a consequence of downstream ex-
port of phytoplankton, reminiscent of the ‘‘Tragedy of the Com-
mons” (Hardin, 1968).

The historical record of Florida red tides and their related effects
of downstream fish kills over the last �125 years, since 1886, and
perhaps over the last �925 years, since 1075, is confirmed by the
numerical results of the simulation analyses of recent 2006–2007
events (Figs. 11–15). These calculations encourage us to believe
that future versions of CPR’s HABSIM (Fig. 17) will allow us to pro-
gress past the present admittedly simple formulation of this first
CPR coupled model.

It assumed: no other competitors of red tides; no grazing stress
on K. brevis populations; and no diel vertical migration. Insufficient
nutrients did curtail their growth, during an implicit fish-fed main-
tenance phase without sufficient fish prey, at a constant daily rate.
Such a simple simulation case is an admittedly naive scenario, with
also no data assimilation, beyond specification of the different ini-
tial conditions during fall of 2006 and 2007. Nevertheless, we were
able to replicate the in situ and satellite observations of red tides
within the eastern Gulf of Mexico and the downstream SAB on
23 October 2007 (Fig. 15a–d), with nutrient-starved computed
stocks of �43 lg chl l�1 of K. brevis off: Orange Beach, AL; Key
West, FL; Fort Pierce, FL; and Wilmington, NC (Fig. 15f).

Other local WFS model results for both fall 2006 and 2007, val-
idated by additional satellite data (Figs. 12 and 13), suggest that fu-
ture CPR simulation analyses of eutrophication, overfishing, and
red tide strandings may next be improved upon inclusion of (1)
data assimilation and (2) explicit description (Fig. 17) of the recy-
cled nutrient sources during the maintenance phases of red tide
outbreaks. Without the dedication, persistence, and continuing in-
sight of one of our colleagues, Karen Steidinger, this and prior
(Walsh and Kirkpatrick, 2008) synthesis efforts would have been
impossible. We look forward to implementation of an operational
version of the coupled ROMS, HYCOM, HABSIM, and ECOPATH
models (Fig. 17) over the next few years.

Acknowledgments

This analysis was supported by Grants: NA16OP2787 to J.J.W.
and R.H.W. from the National Oceanic and Atmospheric Adminis-
tration as part of the MERHAB program; NA06NOS4780246 to
C.A.H., J.J.W., R.H.W. as part of the ECOHAB:Karenia program;
N00014-99-1-0212 and N00014-96-1-5024 to J.J.W., N00014-98-
1-0158 to R.H.W., from the Office of Naval Research as part of
the HyCODE and FSLE programs; NNG04GG04G to J.J.W., and R-
ESSF/03-0000-0039 to J.M.L. from the National Aeronautics and
Space Administration; and USACOE W912HZ-05-C-0040 to J.J.W.
and R.H.W. from the Army Corps of Engineers, as well as State of
Florida funds to FWRI and USF. This is ECOHAB Contribution 305
and CPR contribution 2. In particular, all of us thank Karen Stei-
dinger for fostering red tide studies on the WFS and Gene Shinn
for exhuming 19th century accounts of red tides, fish kills, and
unpleasant oyster dinners. We also thank two anonymous review-
ers for their help in revision of the manuscript.

References

Adorno, R., Pautz, P.C., 1999. Alvar Nunez Cabeza de Vaca: His Account, His Life, and
the Expedition of Panfilo de Narvaez. University of Nebraska Press. 3 vols..

Allman, R.J., Grimes, C.B., 2002. Temporal and spatial dynamics of spawning,
settlement, and growth of gray snapper (Lutjanus griseus) from the west Florida
shelf as determined from otolith microstructures. Fishery Bulletin 100, 391–
403.

Altabet, M.A., McCarthy, J.J., 1985. Temporal and spatial variations in the natural
abundance of d15N in PON from a warm-core ring. Deep-Sea Research 32, 755–
772.

Anderson, D.M., Hoagland, P., Kaoru, Y., White, A.W., 2000. Estimated annual
economic impacts from Harmful Algal Blooms (HABs) in the United States.
Woods Hole Oceanographic Institution Technical Report WHOI-2000-11, pp. 1–
101.

Andrews, E.W., Andrews, C.M., 1945. Jonathan Dickenson’s Journal or God’s
Protecting Providence. Yale University Press, New Haven.

Austin, H.M., Jones, J.I., 1974. Seasonal variation of physical oceanographic
parameters on the Florida Middle Ground and their relation to zooplankton
biomass on the West Florida shelf. Florida Scientist 37, 16–32.



J.J. Walsh et al. / Progress in Oceanography 80 (2009) 51–73 71
Baden, D.G., Mende, T.J., 1979. Amino acid utilization by Gymnodinium breve.
Phytochemistry 18, 247–251.

Brongersma-Sanders, M., 1957. Mass mortality in the sea. In: Hedgpeth, J.W. (Ed.),
Treatise on Marine Ecology and Paleoecology, Geological Society of America
Memoir, vol. 67, pp. 941–1010.

Brown, A.F., Dortch, Q., Van Dolah, F.M., Leighfield, T.A., Morrison, W., Thessen, A.E.,
Steidinger, K.A., Richardson, W., Moncreiff, C.A., Pennock, J.R., 2006. Effect of
salinity on the distribution, growth, and toxicity of Karenia spp.. Harmful Algae
5, 199–212.

Cabeza de Vaca, A.N., 1542. Le Relacion. Paz and Picardo printers, Zamora, Spain. pp.
1–67 octavo.

Calef, G.W., Grice, G.D., 1966. Relationship between the blue-green alga
Trichodesmium thiebautii and the copepod, Macrosetella gracilis in the plankton
off northeastern South America. Ecology 47, 855–856.

Camber, C.I., 1955. A survey of the red snapper fishery of the Gulf of Mexico, with
special reference to Campeche Banks. State of Florida Board of Conservation
Technical Series 12, 1–64.

Cannizzaro, J.P., Carder, K.L., Chen, F.R., Heil, C.A., Vargo, G.A., 2008. A novel
technique for detection of the toxic dinoflagellate, Karenia brevis, in the Gulf of
Mexico from remotely sensed ocean color data. Continental Shelf Research 28,
137–158.

Carder, K.L., Steward, R.G., 1985. A remote-sensing reflectance model of a red-tide
dinoflagellate off West Florida. Limnology and Oceanography 30, 286–298.

Carder, K.L., Walsh, J.J., Cannizzaro, J.P., 2007. Hunting red tides from space. In: King,
M.D., Parkinson, C.L., Partington, K.C., Williams, R.G. (Eds.), Our Changing Planet.
Cambridge University Press, Cambridge, pp. 187–190.

Chang, C.C., Kendall, C., Silva, S.R., Battaglin, W.A., Campbell, D.H., 2002. Nitrate
stable isotopes: tools for determining nitrate sources among different land uses
in the Mississippi River basin. Canadian Journal of Fisheries and Aquatic
Sciences 59, 1874–1885.

Chassignet, E.P., Smith, L.T., Halliwell, G.R., Bleck, R., 2003. North Atlantic simulation
with the HYbrid Coordinate Ocean Model (HYCOM): impact of the vertical
coordinate choice, reference density, and thermobaricity. Journal of Physical
Oceanography 33, 2504–2526.

Checkley, D.M., Entzeroth, L.C., 1985. Elemental and isotopic fractionation of carbon
and nitrogen by marine planktonic copepods and implications to the marine
nitrogen cycle. Journal of Plankton Research 7, 553–568.

Checkley, D.M., Miller, C.A., 1989. Nitrogen isotope fractionation by oceanic
zooplankton. Deep-Sea Research 36, 1449–1456.

Cifuentes, L.A., Fogel, M.L., Pennock, J.R., Sharp, J.H., 1988. Biogeochemical factors
that influence the stable nitrogen isotope ratio of dissolved ammonium in the
Delaware estuary. Geochimica et Comsochimca Acta 53, 2713–2721.

Clardy, T.R., Patterson, W.R., DeVries, D.A., Palmer, C., 2008. Spatial and temporal
variability in the relative contribution of king mackerel (Scomberomorus cavalla)
stocks to winter mixed fisheries off South Florida. Fishery Bulletin 106, 152–
160.

Coffin, R.B., Cifuentes, L.A., 1999. Stable isotope analysis of carbon cycling in the
Perdido estuary, Florida. Estuaries 22, 917–926.

Coleman, F.C., Koenig, C.C., Collins, L.A., 1996. Reproductive styles of shallow-water
grouper (Pisces: Serranidae) in the eastern Gulf of Mexico and the consequences
of fishing spawning aggregations. Environmental Biology of Fish 47, 129–141.

Cushing, D.H., 1990. Plankton production and year-class strength in fish
populations: an update of the match/mismatch hypothesis. Advances in
Marine Biology 26, 249–293.

Darrow, B.P., Darrow, B.P., Walsh, J.J., Vargo, G.A., Masserini, R.T., Fanning, K.A.,
Zhang, J.-Z., 2003. A simulation study of the growth of benthic microalgae
following the decline of a surface phytoplankton bloom. Continental Shelf
Research 23, 1265–1283.

Darwin, C., 1839. The Voyage of the Beagle. Cambridge University Press, Cambridge.
Davis, C.C., 1948. Gymnodinium brevis sp. nov., a cause of discolored water and

animal mortality in the Gulf of Mexico. Botanical Gazette 109, 358–360.
Deegan, L.A., Peterson, B.J., Portier, R., 1990. Stable isotopes and cellulase activity as

evidence for detritus as a food source for juvenile Gulf menhaden. Estuaries 13,
14–19.

DeVries, D.A., Grimes, C.B., 1997. Spatial and temporal variation in age and growth
of king mackerel, Scomberomorus cavalla, 1977–1992. Fishery Bulletin 95, 694–
708.

Ditty, J.G., Zieske, G.G., Shaw, R.F., 1988. Seasonality and depth distributions of
larval fishes in the northern Gulf of Mexico above latitude 26�000N. Fishery
Bulletin 86, 811–823.

Ditty, J.G., Houde, E.D., Shaw, R.F., 1994. Egg and larval development of Spanish
sardine, Sardinella aurita (Family Clupeidae), with a synopsis of characters to
identify clupeid larvae from the northern Gulf of Mexico. Bulletin of Marine
Science 54, 367–380.

Duce, R.A., Tindale, N.W., 1991. Atmospheric transport of iron and its deposition in
the ocean. Limnology and Oceanography 36, 1715–1726.

Dunstan, W.M., Hosford, J., 1977. The distribution of planktonic blue-green algae
related to the hydrography of the Georgian Bight. Bulletin of Marine Science 27,
624–629.

Fahnenstiel, G.L., McCormick, M.J., Lang, G.A., Redalje, D.G., Lohrenz, S.E., Markowitz,
M., Wagoner, B., Carrick, H.J., 1995. Taxon-specific growth and loss rates for
dominant phytoplankton populations from the northern Gulf of Mexico. Marine
Ecology Progress Series 117, 229–239.

Feinstein, A., 1956. Correlations of various ambient phenomena with red tide
outbreaks on the West Florida shelf. Bulletin of Marine Science 6, 209–236.
Fitzhugh, G.R., Koenig, C.C., Coleman, F.C., Grimes, C.B., Sturges, W., 2005. Spatial
and temporal patterns of young Gag (Mycteroperca Microlepis) along the west
Florida shelf. Bulletin of Marine Science 77, 377–396.

Flewelling, L.J., Flewelling, L.J., Naar, J.P., Abbott, J., Baden, D., Barros, N., Bossart,
G.D., Bottein, M.D., Hammond, D.G., Haubold, E.M., Heil, C.A., Henry, M.S.,
Jacocks, H.M., Leighfield, T.A., Pierce, R.H., Pitchford, T.D., Rommel, S.A., Scott,
P.S., Steidinger, K.A., Truby, E.W., Van Dolah, F.M., Landsberg, J.H., 2005.
Unexpected vectors of brevetoxins during marine mammal mortalities. Nature
435, 755–756.

Fraser, L., 1980. Faunal analysis of the Venice site. Bureau of Historic Sites and
Properties Bulletin 6, 77–80.

Fry, B., 1988. Food web structure on Georges Bank from stable C, N, and S isotopic
compositions. Limnology and Oceanography 33, 1182–1190.

Glazier, W.C., 1880. On the destruction of fish by polluted waters in the Gulf of
Mexico. Proceedings US National Museum 4, 126–127.

Gledhill, C.T., Lyczkowski-Schultz, J., 2000. Indices of larval king mackerel
(Scomberomorus cavalla) abundance in the Gulf of Mexico for use in
population assessments. Fishery Bulletin 98, 684–691.

Grice, G.D., 1957. The Copepods of the Florida West Coast. Thesis, Florida State
University, Tallahassee.

Grimes, C.B., Huntsman, G.R., 1980. Reproductive biology of the vermilion snapper,
Rhomboplites aurorubens, from North Carolina and South Carolina. Fishery
Bulletin 78, 137–146.

Grimes, C.B., Finucane, J.H., Collins, L.A., DeVries, D.A., 1990. Young king mackerel,
Scomberomorus cavalla, in the Gulf of Mexico, a summary of distribution and
occurrence of larvae and juveniles, and spawning dates of Mexican juveniles.
Bulletin of Marine Science 46, 640–654.

Gulland, J.A., 1983. Fish Stock Assessment. John Wiley & Sons, New York. pp. 1–223.
Gunter, G., Smith, F.G., Williams, R.H., 1947. Mass mortality of marine animals on

the lower west coast of Florida, November 1946 to January 1947. Science 105,
256–257.

Gunter, G., Williams, R.H., Davis, C.C., Smith, F.G., 1948. Catastrophic mass mortality
of marine animals and coincident phytoplankton bloom on the west coast of
Florida, November 1946 to August 1947. Ecological Monographs 18, 309–324.

Guo, C., Tester, P.A., 1994. Toxic effect of the bloom-forming Trichodesmium sp.
(Cyanophyta) to the copepod Acartia tonsa. Natural Toxins 2, 222–227.

Habas, E.J., Gilbert, C.K., 1975. A preliminary investigation of the economic effects of
the red tide of 1973–74 off the west coast of Florida. In: LoCicero, V.R. (Ed.),
Proceedings of the First International Conference on Toxic Dinoflagellate
Blooms, Massachusetts Scientific Techical Foundation, Wakefield, MA, pp.
499–505.

Hann, J.H., 2003. Indians of Central and South Florida. University Press of Florida,
Gainesville. pp 149.

Hardin, G., 1968. The tragedy of the Commons. Science 162, 1243–1248.
Hare, J.A., Govoni, J.J., 2005. Comparison of average larval fish vertical distributions

among species exhibiting different transport pathways on the southeast United
States continental shelf. Fishery Bulletin 103, 728–736.

Havens, J.A., 2004. A Stable Isotopic Examination of Particulate Organic Matter
during Karenia brevis Blooms on the Central West Florida Shelf: Hints at
Nitrogen Sources in Oligotrophic Waters. Thesis, University of South Florida,
Tampa, pp. 1–124.

He, R., Liu, Y., Weisberg, R.H., 2004. Coastal ocean wind fields gauged against the
performance of an ocean circulation model. Geophysical Research Letters 31,
L14303. 10.1029/2003GL019261.

Houde, E.D., Chitty N., 1976. Seasonal abundance and distribution of zooplankton,
fish eggs, and fish larvae in the eastern Gulf of Mexico, 1972–74. NOAA
Technical Report NMFS SSRF-701, Seattle WA, pp. 1–18.

Houde, E.D., 1977a. Abundance and potential yield of the round herring, Etrumeus
teres, and aspects of its early life history in the eastern Gulf of Mexico. Fisheries
Bulletin 75, 61–89.

Houde, E.D., 1977b. Abundance and potential yield of the Atlantic thread herring,
Opisthonema oglinum, and aspects of its early life history in the eastern Gulf of
Mexico. Fisheries Bulletin 75, 493–512.

Houde, E.D., 1977c. Abundance and potential yield of the scaled sardine, Harengula
jaguana, and aspects of its early life history in the eastern Gulf of Mexico.
Fisheries Bulletin 75, 613–628.

Houde, E.D., Leak, J.C., Dowd, C.E., Berkeley, S.A., Richards, W.J., 1979.
Ichthyoplankton abundance and diversity in the eastern Gulf of Mexico,
USDOC NTIS PB-299, vol. 839, pp. 1–546.

Houde, E.D., Alpern Lovdal, J.D., 1985. Patterns of variability in ichthyoplankton
occurrence and abundance in Biscayne Bay, Florida. Estuarine and Coastal Shelf
Science 20, 79–103.

Hsu, N.C., Si-Chee, T., King, M.D., Diner, D.J., 2007. Dust in the wind. In: King, M.D.,
Parkinson, C.L., Partington, K.C., Williams, R.G. (Eds.), Our Changing Planet.
Cambridge University Press, Cambridge, pp. 56–60.

Ingersoll, E., 1881. On the fish mortality in the Gulf of Mexico. Proceedings of the US
National Museum 4, 74–76.

Ingle, R.M., Williams, J., 1966. Introduction to a northeast Gulf of Mexico red tide. In:
Observations of an Unusual Red Tide, Professional Paper Series 8, FL Bd
Conservation, St. Petersburg, pp. 1–7.

Jickells, T.D., An, Z.S., Andersen, K.K., Baker, A.R., Bergametti, G., Brooks, N., Cao, J.J.,
Boyd, P.W., Duce, R.A., Hunter, K.A., Kawahata, H., Kubilay, N., LaRoche, J., Liss,
P.S., Mahowald, N., Prospero, J.M., Ridgewell, A.J., Tegen, I., Torres, R., 2005.
Global iron connections between desert dust, ocean biogeochemistry, and
climate. Science 308, 67–71.

http://dx.doi.org/10.1029/2003GL019261


72 J.J. Walsh et al. / Progress in Oceanography 80 (2009) 51–73
Jolliff, J.K., Walsh, J.J., He, R., Weisberg, R.H., Stovall-Leonard, A., Conmy, R., Coble,
P.G., Heil, C.A., Nababan, B., Zhang, H., Hu, C., Muller-Karger, F.E., 2003. Dispersal
of the Suwannee River plume over the West Florida shelf: simulation and
observation of the optical and biochemical consequences of a ‘‘flushing event”.
Geophysical Research Letters, 30. 10.1029/2003GL016964.

Kierstead, H., Slobodkin, L.B., 1953. The size of water masses containing plankton
blooms. Journal of Marine Research 12, 141–147.

Kinsey, S.T., Orsoy, T., Bert, T.M., Mahmoudi, B., 1994. Population structure of the
Spanish sardine Sardinella aurita: natural morphological variation in a
genetically homogeneous population. Marine Biology 118, 309–317.

Kleppel, G.S., Burkart, C.A., Carter, K., Tomas, C., 1996. Diets of calanoid copepods on
the West Florida continental shelf: relationships between food concentration,
food composition and feeding activity. Marine Biology 127, 209–218.

Klima, E.F., 1959. Aspects of the biology and the fishery for Spanish mackerel,
Scomberomorus maculatus (Mitchill), of southern Florida. State of FL Board of
Conservation Technical Series 27, 1–39.

Knowles, H.M., 1887. Dead fish on the coast of Rhode Island. Bulletin of U.S. Fish
Commission 6, 194–195.

Kwak, T.J., Zedler, J.B., 1997. Food web analysis of southern California coastal
wetlands using multiple stable isotopes. Oecologia 110, 262–277.

Landsberg, J.H., Steidinger, K.A., 1998. A historical review of Gymnodinium breve, red
tides implicated in mass mortalities of the manatee (Trichecus manatus
latirostris). In: Reguera, B., Blanco, J., Fernandez, M.L., Wyatt, T. (Eds.), Harmful
algae, Xunta de Galicia and Intergovernmental Oceaographic Commission –
UNESCO, pp. 97–100.

Landsberg, J.H., 2002. The effects of harmful algal blooms on aquatic organisms.
Reviews of Fisheries Science 10, 113–390.

Lenes, J.M., Darrow, B.P., Cattrall, C., Heil, C., Vargo, G.A., Callahan, M., Byrne, R.H.,
Prospero, J.M., Bates, D.E., Fanning, K.A., Walsh, J.J., 2001. Iron fertilization and
the Trichodesmium response on the West Florida shelf. Limnology and
Oceanography 46, 1261–1277.

Lenes, J.M., Walsh, J.J., Otis, D.B., Carder, K.L., 2005. Iron fertilization of
Trichodesmium off the west coast of Barbados: a one-dimensional numerical
model. Deep-Sea Research 52, 1021–1041.

Lenes, J.M., Darrow, B.A., Walsh, J.J., Prospero, J.M., He, R., Weisberg, R.H., Vargo,
G.A., Heil, C.A., 2008. Saharan dust and phosphatic fidelity: a three dimensional
biogeochemical model of Trichodesmium as a nutrient source for red tides on the
West Florida shelf. Continental Shelf Research 28, 1091–1115.

Lerdo de Tejada, M.M., 1850. Apuntes historicos de la heoica ciudad de Veracruz.
Imprent. Ignac. Cumplid, Mexico. 1940.

Lester, K.M., 2005. The Mesozooplankton of the West Florida Shelf: Relationships
with Karenia brevis blooms. Ph.D. dissertation, University of South Florida,
Tampa.

Lester, K.M., Heil, C.A., Neely, M.B., Spence, D.N., Murasko, S., Hopkins, T.L., Sutton,
T.T., Burghart, S.E., Bohrer, R.N., Remsen, A.W., Vargo, G.A., Walsh, J.J., 2008.
Zooplankton and Karenia brevis in the Gulf of Mexico. Continental Shelf
Research 28, 99–111.

Lightfoot, K., Ruppe, T.A., 1980. Oyster carrying capacity at Venice, Florida, two
thousand years ago. Bureau of Historic Sites and Properties Bulletin 6, 47–60.

Liu, K.K., Kaplan, I.R., 1989. The eastern topical Pacific as a source of 15N-enriched
nitrate in seawater off southern California. Limnology and Oceanography 34,
820–830.

Liu, K.K., Su, M.J., Hsueh, C.R., Gong, G.C., 1996. The nitrogen isotopic composition of
nitrate in the Kuroshio water northeast of Taiwan: evidence for nitrogen
fixation as a source of isotopically light nitrate. Marine Chemistry 54, 273–
292.

Lombardi-Carlson, L.A., Fitzhugh, G.R., Mikulas, J.J., 2002. Red grouper (Epinephelus
morio) age-length structure and description of growth from the eastern Gulf of
Mexico: 1992–2001. NMFS Southeastern Fish. Science Center, Panama City. FL
Contribution Series 2002–2006, 1–37.

Lopez Collogudo, D., 1688. Historica de Yucatan. Pub. Ayunt. Campeche, Mexico.
Lopez Veneroni, D.G. 1998. The Dynamics of Dissolved and Particulate Nitrogen in

the Northwest Gulf of Mexico. Ph.D. dissertation, Texas A&M University, College
Station, TX.

Lyczkowski-Schultz, J., Hanisko, D.S., 2007. A time series of observations of red
snapper larvae from SEAMAP surveys 1982–2003: seasonal occurrence,
distribution, abundance, and size. In: Patterson, W.F., Cowan, J.H., Fitzhugh,
G.R., Nieland, D.L. (Eds.), Red snapper ecology and fisheries in the U.S. Gulf of
Mexico, American Fisheries Society Symposium, vol. 60, pp. 3–24.

Macko, S.A., Entzeroth, L., Parker, P.L., 1984. Regional differences in nitrogen and
carbon isotopes on the continental shelf of the Gulf of Mexico.
Naturwissenschaften 71, 374–375.

Magana, H.A., Contreras, C., Villareal, T.A., 2003. A historical assessment of Karenia
brevis in the western Gulf of Mexico. Harmful Algae 2, 163–171.

Mahmoudi, B., Pierce, D., Wessel, M., Lehnert, R., 2002. Trends in the Florida baitfish
fishery and an update on baitfish stock distribution and abundance along the
central West Coast of Florida. Florida Fish and Wildlife Commission Report IHR
2202 014, pp. 1–41.

Moe, M.A., 1969. Biology of the red grouper Epinephelus morio (Valenciennes) from
the eastern Gulf of Mexico. Professional Paper Series Marine Laboratory, FL. 10,
1–95.

Milanich, J.T., 1995. Florida Indians and the Invasion from Europe. University Press
of Florida, Gainesvile, FL. pp. 1–280.

McBride, R.S., 2000. Florida’s shad and river herrings (Alosa species): a review of
population and fishery characteristics. Florida Fish and Wildlife Conservation
Commission FMRI Technical Report TR-5, pp. 1–18.
Milroy, S.P., Dieterle, D.A., He, R., Kirkpatrick, G.J., Lester, K.M., Steidinger, K.A.,
Vargo, G.A., Walsh, J.J., Weisberg, R.H., 2008. A three-dimensional biophysical
model of Karenia brevis dynamics on the West Florida shelf: a look at physical
transport and zooplankton grazing controls. Continental Shelf Research 28,
112–136.

Minagawa, M., Wada, E., 1984. Stepwise enrichment of 15N along food chains:
further evidence and the relation between d15N and animal age. Geochimica et
Cosmochimica Acta 48, 1135–1140.

Miyake, Y., Wada, E., 1967. The abundance of 15N/14 in marine environments. Recent
Oceanographic Works of Japan 9, 32–53.

Montoya, J.P., Carpenter, E.J., Capone, D.G., 2002. Nitrogen fixation and nitrogen
isotope abundances in zooplankton of the oligotrophic North Atlantic.
Limnology and Oceanography 47, 1617–1628.

Mulholland, M.R., Bernhardt, P.W., Heil, C.A., Bronk, D.A., O’Neil, J.M., 2006. Nitrogen
fixation and release of fixed nitrogen by Trichodesmium spp. In the Gulf of
Mexico. Limnology and Oceanography 51, 1762–1776.

Mullin, M.M., Rau, G.H., Eppley, R.W., 1984. Stable nitrogen isotopes in zooplankton:
some geographic and temporal variations in the North Pacific. Limnology and
Oceanography 29, 1267–1273.

Murphy, E.B., Steidinger, K.A., Roberts, B.S., Williams, J., Jolley, J.W., 1975. An
explanation for the Florida east coast Gymnodinium breve red tide of November,
1972. Limnology and Oceanography 20, 481–486.

Nunez Ortega, D.A., 1879. Ensayo de una explicacion del origen de las grandes
mortandades de peces en el Golf de Mexico. La Nature 6, 188–197.

Okey, T.A., Mahmoudi, B., 2002. An ecosystem model of the West Florida shelf for
use in fisheries management and ecological research. Florida Fish and Wildlife
Research Institute, St. Petersburg, Fl. pp. 1–249.

Peebles, E.B., Hall, J.R., Tolley, S.G., 1996. Egg production by the bay anchovy Anchoa
mitchilli in relation to adult and larval prey fields. Marine Ecology Progress
Series 131, 61–73.

Peebles, E.B., 2002. Temporal resolution of biological and physical influences on bay
anchovy Anchoa mitchilli egg abundance near a river-plume frontal zone.
Marine Ecology Progress Series 237, 257–269.

Peterson, B.J., Fry, B., 1987. Stable isotopes in ecosystem studies. Annual Review of
Ecological Systems 18, 293–320.

Peterson, B.J., Howarth, R.W., 1987. Sulfur, carbon, and nitrogen isotopes used to
trace organic matter flow in salt-marsh estuaries of Sapelo Island, Georgia.
Limnology and Oceanography 32, 1195–1213.

Pierce, D.J., Mahmoudi, B., 2001. Near shore fish assemblages along the central west
coast of Florida. Bulletin of Marine Science 68, 243–270.

Porch, C.E., Turner, S.C., Schirripa, M.J., 2007. Reconstructing the commercial
landings of red snapper in the Gulf of Mexico from 1872 to 1963. In: Patterson,
W.F., Cowan, J.H., Fitzhugh, G.R., Nieland D.L. (Eds.), Red Snapper Ecology and
Fisheries in the U.S. Gulf of Mexico, American Fisheries Society Symposium, vol.
60, pp. 337–353.

Porter, J.V., 1879. On the destruction of fish by poisonous water in the Gulf of
Mexico. Proceedings US National Museum 4, 121–122.

Pristas, P.J., Creek, R.P., 1973. Atlantic thread herring (Opisthonema oglinum) –
movements and population size inferred from tag returns. Fishery Bulletin 71,
297–301.

Quick, J.A., Henderson, G.E., 1975. Evidences of new icthyointoxicative phenomenon
in Gymnodinium breve red tides. In: LoCicero, V.R. (Ed.), Proceedings of the First
International Conference on toxic dinoflagellate blooms, Massachusetts
Scientific and Technical Foundation, Wakefield, MA, pp. 69–79.

Roelke, L.A., Cifuentes, L.A., 1997. Use of stable isotopes to assess groups of king
mackerel, Scomberomorus cavalla, in the Gulf of Mexico and southeastern
Florida. Fishery Bulletin 95, 540–551.

Roman, M.R., 1978. Ingestion of the blue-green alga Trichodesmium by the
harpactacoid copepod, Macrosetella gracilis. Limnology and Oceanography 23,
1245–1248.

Roman, M.R., Reeve, M.R., Froggatt, J.L., 1983. Carbon production and export from
Biscayne Bay, Florida. I. Temporal patterns in primary production, seston, and
zooplankton. Estuarine and Coastal Science 17, 45–59.

Ruppe, T.A., 1980. Analysis of the mollusks from the Venice site. Bureau of Historic
Sites and Properties Bulletin 6, 61–69.

Saino, T., Hattori, A., 1987. Geographical variation of the water column distribution
of suspended particulate organic nitrogen and its 15N natural abundance in the
Pacific and its marginal seas. Deep-Sea Research 34, 807–828.

Scharf, F.S., Buckel, J.A., Juanes, F., 2002. Size-dependent vulnerability of juvenile
bay anchovy Anchoa mitchilli to bluefish predation: does large body size always
provide a refuge? Marine Ecology Progress Series 233, 241–252.

Schoeninger, M.J., van Der Merwe, N.J., Moore, K., Lee-Thorp, J., Larsen, C.S.
1983. Decrease in diet quality between the prehistoric and the contact
periods. In: Larsen, C.S. (Ed.), ‘‘The Archaeology of Mission Santa Catalina de
Guale. 2. Biocultural interpretations of a population in transition.
Anthropological Papers of the American Museum of Natural History, 68,
pp. 78-93.

Shanley, E., Vargo, G.A., 1993. Cellular composition, growth, photosynthesis, and
respiration rates of Gymnodinium breve under varying light levels. In: Smayda,
T.J., Shimizu, Y. (Eds.), Toxic Phytoplankton Blooms in the Sea. Elsevier,
Amsterdam, pp. 831–836.

Song, Y., Haidvogel, D.B., 1994. A semi-implicit ocean circulation model using a
generalized topography-following coordinate system. Journal of Computational
Physics 115, 228–244.

Stearns, S., 1887. Fisheries of the Gulf of Mexico. In: Goode, G.B. (Ed.), The Fisheries
and Fishery Industries of the United States, Washington, pp. 533–587.

http://dx.doi.org/10.1029/2003GL016964


J.J. Walsh et al. / Progress in Oceanography 80 (2009) 51–73 73
Steidinger, K.A., Davis, J.T., Williams J., 1966. Observations of Gymnodinium breve
Davis and other dinoflagellates. In: Observations of an Unusual Red Tide,
Florida Board of Conservation, St. Petersburg Professional Paper Series, vol. 8,
pp. 8–15.

Steidinger, K.A., Davis, J.T., Williams, J., 1967. Dinoflagellate studies on the inshore
waters of the west coast of Florida. In: Red tide studies, Pinellas to Collier
Counties, Florida Board of Conservation, St. Petersburg Professional Paper
Series, vol. 9, pp. 4–47.

Steidinger, K.A., Ingle, R.M., 1972. Observations on the 1971 summer red tide in
Tampa Bay, Florida. Environmental Letters 3, 271–278.

Steidinger, K.A., Vargo, G.A., Tester, P.A., Tomas, C.R., 1998. Bloom dynamics and
physiology of Gymnodinium breve with emphasis on the Gulf of Mexico. In:
Anderson, D.M., Cembella, A.D., Hallegraeff, D.M. (Eds.), Physiological Ecology of
Harmful Algal Blooms. Springer-Verlag, Berlin, pp. 135–153.

Stevenson, C., Childers, D.L., 2004. Hydroperiod and seasonal effects on fish
decomposition in an oligotrophic Everglades marsh. Wetlands 24, 529–534.

Strom, S.L., Strom, M.W., 1996. Microplankton growth, grazing, and community
structure in the northern Gulf of Mexico. Marine Ecology Progress Series 130,
229–240.

Sullivan, M.J., Moncreiff, C.A., 1990. Edaphic algae as an important component of
salt waters mash food-webs: evidence from multiple stable isotope analyses.
Marine Ecology Progress Series 2, 149–159.

Sutton, T., Hopkins, T., Remsen, A., Burghart, S., 2001. Multisensor sampling of
pelagic ecosystem variables in a coastal environment to estimate zooplankton
grazing impact. Continental Shelf Research 21, 69–87.

Taylor, H.F., 1917. Mortality of fishes on the west coast of Florida. Report of U.S. Fish
Commission 848, 1–24.

Tester, P.A., Stump, R.P., Vukovich, F.M., Fowler, P.K., Turner, J.T., 1991. An expatriate
red tide bloom: transport, distribution, and persistence. Limnology and
Oceanography 6, 1053–1061.

Tester, P.A., Geesey, M.E., Vukovich, F.M., 1993. Gymnodinium breve and global
warming: what are the possibilities? In: Smayda, T.J., Shimizu, Y. (Eds.), Toxic
Phytoplankton Blooms in the Sea. Elseveier, New York, pp. 67–72.

Tester, P.A., Steidinger, K.A., 1997. Gymnodinium breve red tide blooms: initiation,
transport, and consequences of surface circulation. Limnology and
Oceanography 42, 1039–1051.

Tester, P.A., Turner, J.T., Shea, D., 2000. Vectorial transport of toxins from the
dinoflagellate Gymnodinium breve through copepods to fish. Journal of Plankton
Research 22, 47–62.

Thomas, C.J., Cahoon, L.R., 1993. Stable isotope analyses differentiate between
different trophic pathways supporting rocky-reef fishes. Marine Ecology
Progress Series 95, 19–24.

True, D.O., 1945. Memoir of D. D’Escalante Fontenada respecting Florida, written in
Spain, about the year 1575. Glade House, Coral Gable, FL, pp. 1–77.

Turner, J.T., Tester, P.A., 1997. Toxic marine phytoplankton, zooplankton grazers,
and pelagic food webs. Limnology and Oceanography 42, 1203–1214.

Vargo, G.A., Carder, K.L., Gregg, W.W., Shanley, E., Heil, C.A., Steidinger, K.A., Haddad,
K.D., 1987. The potential contribution of primary production by red tides to the
west Florida shelf ecosystem. Limnology and Oceanography 32, 762–766.

Vargo, G.A., Howard-Shamblott, D., 1990. Phosphorus requirements in Ptychodiscus
brevis: cell phosphorus, uptake and growth requirements. In: Graneli, E. (Ed.),
Toxic Marine Phytoplankton. Elsevier, Amsterdam, pp. 324–329.

Vargo, G.A., Heil, C.A., Spence, D.N., Neely, M.B., Merkt, R., Lester, K.M., Weisberg,
R.H., Walsh, J.J., Fanning, K.A., 2002. The hydrographic regime, nutrient
requirements, and transport of a Gymnodinium breve DAVIS red tide on the
West Florida shelf. In: Hallegraeff, G.M., Blackburn, S.I., Bolch, C.J., Lewis, R.J.
(Eds.), Proceedings of the IX International Symposium on Harmful Algal Blooms,
Hobart, Australia, pp. 157–160.

Vargo, G.A., Heil, C.A., Fanning, K.A., Dixon, L.K., Neely, M.B., Lester, K.A., Ault, D.,
Murasko, S., Havens, J.A., Walsh, J.J., Bell, S., 2008. Nutrient availability in
support of Karenia brevis blooms on the central West Florida Shelf: what keeps
Karenia blooming? Continental Shelf Research 28, 73–98.

Wada, E., Hattori, A., 1976. Natural abundance of 15N in particulate organic matter
in the North Pacific Ocean. Geochimica et Cosmochimica Acta 40, 249–251.

Walburg, C.H., 1960. Abundance and life history of shad, St. Johns River, Florida.
Fishery Bulletin 60, 486–501.
Walburg, C.H., Nichols, P.R., 1967. Biology and management of the American shad
and status of the fisheries, Atlantic coast of the United States, 1960. U.S. Fish
and Wildlife Special Scientific Report. Fisheries, vol. 550, pp. 1–105.

Walker, P.L., DeNiro, M.J., 1986. Stable nitrogen and carbon isotope ratios in bone
collagen as indices of prehistoric dietary dependence on marine and terrestrial
resources in southern California. American Journal of Physical Anthropology 71,
51–61.

Walsh, J.J., McRoy, C.P., Coachman, K.L., Goering, J.J., Nihoul, J.J., Whitledge, T.E.,
Blackburn, T.H., Parker, P.L., Wirick, C.D., Shuert, P.G., Grebmeier, J.M., Springer,
A.M., Tripp, R.D., Hansell, D.A., Djenidi, S., Deleersnijder, E., Henriksen, K., Lund,
B.A., Andersen, P., Muller-Karger, F.E., Dean, K., 1989. Carbon and nitrogen cycling
within the Bering/Chukchi Seas: source regions of organic matter effecting AOU
demands of the Arctic Ocean. Progress In Oceanography 22, 279–361.

Walsh, J.J., Steidinger, K.A., 2001. Saharan dust and Florida red tides: the cyanophyte
connection. Journal of Geophysical Research 106, 11597–11612.

Walsh, J.J., Penta, B., Dieterle, D.A., Bissett, W.P., 2001. Predictive ecological
modeling of harmful algal blooms. Human and Ecological Risk Assessment 7,
1369–1383.

Walsh, J.J., Haddad, K.D., Dieterle, D.A., Weisberg, R.H., Li, Z., Yang, H., Muller-Karger,
F.E., Heil, C.A., Bissett, W.P., 2002. A numerical analysis of landfall of the 1979
red tide of Karenia brevis along the west coast of Florida. Continental Shelf
Research 22, 15–38.

Walsh, J.J., Weisberg, R.H., Dieterle, D.A., He, R., Darrow, B.P., Jolliff, J.K., Lester, K.M.,
Vargo, G.A., Kirkpatrick, G.J., Fanning, K.A., Sutton, T.T., Jochens, A.E., Biggs, D.C.,
Nababan, B., Hu, C., Muller-Karger, F.E., 2003. The phytoplankton response to
intrusions of slope water on the West Florida shelf: models and observations.
Journal of Geophysical Research 108, 3190. 10.1029/2002JC001406.

Walsh, J.J., Jolliff, J.K., Darrow, B.P., Lenes, J.M., Milroy, S.P., Remsen, D., Dieterle, D.A.,
Carder, K.L., Chen, F.R., Vargo, G.A., Weisberg, R.H., Fanning, K.A., Muller-Karger,
F.E., Shinn, E., Steidinger, K.A., Heil, C.A., Prospero, J.S., Lee, T.N., Kirkpatrick, G.J.,
Whitledge, T.E., Stockwell, D.A., Tomas, C.R., Villareal, T.A., Jochens, A.E.,
Bontempi, P.S., 2006. Red tides in the Gulf of Mexico: where, when, and why.
Journal of Geophysical Research 111, C11003. 10.1029/2004JC002813.

Walsh, J.J., Kirkpatrick, G.J., 2008. Ecology and oceanography of harmful algal
blooms in Florida. Continental Shelf Research 28, 1–214.

Warlen, S.M., Able, K.W., Laban, E.H., 2002. Recruitment of larval Atlantic menhaden
(Brevoortia tyrannus) to North Carolina and New Jersey estuaries: evidence for
larval transport northward along the east coast of the United States. Fishery
Bulletin 100, 609–623.

Waser, N.A., Harrison, P.J., Nielsen, B., Calvert, S.E., Turpin, D.H., 1998. Nitrogen isotope
fractionation during the uptake and assimilation of nitrate, nitrite, ammonium,
and urea by a marine diatom. Limnology and Oceanography 43, 215–224.

Weisberg, R.H., Barth, A., Alvera-Azcarate, A., Zheng, L., 2009. A coordinated coastal
ocean observing and modeling system for the West Florida continental shelf.
Harmful Algae 7, in press.

Weiss, R.F., 1970. The solubility of nitrogen, oxygen, and argon in water and
seawater. Deep-Sea Research 17, 721–735.

Widmer, R.J., 1988. The Evolution of the Calusa. The University of Alabama Press,
Tuscaloosa. pp. 1–334.

Williams, R.O., Bruger, G.E., 1972. Investigations on American shad in the St. Johns
River. Florida State Board of Conservation Marine Laboratory Technical Series
66, 1–49.

Williams, R.O., Greay, W.F., Huff, J.A., 1975. Study of anadromous fishes of Florida.
Report for the period of 1 May 1971 to 30 June 1974. National Marine Fisheries
Service, St. Petersburg, FL.

Wilson, W.B., Collier, A., 1955. Preliminary notes on the culturing of Gymnodinium
brevis Davis. Science 121, 394–395.

Wilson, W.B., 1958. Historical review of red tides and red tide research. In:
Proceedings of U.S. Bureau of Commercial Fisheries Gulf fisheries investigations,
red tide symposium, Galveston, Texas, March 5–7, 1958. Available from:
<http://research.myfwc.com/features>.

Wood, M.L., 1883. The fisheries of the Gulf of Mexico. Bulletin of U.S. Fish
Commission 2, 19–20.

Yang, H., Weisberg, R.H., 1999. West Florida continental shelf circulation response
to climatological wind forcing. Journal of Geophysical Research 104, 5301–
5320.

http://dx.doi.org/10.1029/2002JC001406
http://dx.doi.org/10.1029/2004JC002813
http://research.myfwc.com/features

	Isotopic evidence for dead fish maintenance of Florida red tides,  with implications for coastal fisheries over both source regions of the West Florida  shelf and within downstream waters of the South Atlan
	Introduction
	Methods
	Isotopic analyses
	Simulation analyses
	Validation data
	C.P.U.E.s of WFS clupeids and their predators

	Results
	Isotope budget
	CPR predicted export of the 2006 and 2007 red tides
	Fish-fed and fish-starved red tides
	Prudent predation by red tides versus overfishing by humans

	Discussion
	Acknowledgments
	References


