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Abstract

Over 50 years of multiple anthropogenic perturbations, Florida zooplankton stocks of the
northeastern Gulf of Mexico declined ten-fold, with increments of mainly dominant toxic
dinoflagellate harmful algal blooms (HABs), rather than diatoms, and a shift in loci of nutrient
remineralization and oxygen depletion by bacterioplankton, from the sea floor to near surface
waters. Yet, lytic bacterial biomass and associated ammonification only increased at most five-
fold over the same time period, with consequently little indication of new, expanded “dead zones”
of diatom-induced hypoxia. After bacterial lysis of intact cells of these increased HABs, the
remaining residues of zooplankton biomass decrements evidently instead exited the water column
as malign aerosolized HAB asthma triggers, correlated by co-travelling mercury aerosols, within
wind-borne sea sprays. To unravel the causal mechanisms of these inferred decadal food web
transitions, a 36-state variable plankton model of algal, bacterial, protozoan, and copepod
component communities replicated daily time series of each plankton group’s representatives on
the West Florida shelf (WFS) during 1965-2011. At the lower phytoplankton trophic levels, 52%
of the ungrazed HAB increments, between 1965-1967 and 2001-2002 before recent oil spills,
remained in the water column to kill fishes and fuel bacterioplankton. But, another 48% of the
WES primary production then left the ocean’s surface as a harbinger of increased public health
hazards during continuing sea spray exports of salts, HAB toxins, and Hg poisons. Following the
Deepwater Horizon petroleum releases in 2010, little additional change of element partition among
the altered importance of WEFS food web components of the trophic pyramid then pertained
between 2001-2002 and 2010-2011, despite when anomalous upwelled nutrient supplies instead
favored retrograde benign, oil-tolerant diatoms over the HABs during 2010. Indeed, by 2011

HABs were back, with biomass accumulations equivalent to those found in 2001.



1. INTRODUCTION

Reoccupation in August 2010 of a NEGOM cross-shelf section off Panama City, Florida,
sampled (Jochens and Nowlin, 2000) earlier during August 2000 (Fig. 1), may have provided a
partial answer to what was the cause of anomalous phytoplankton accumulations there by August
2010 of as much as ~5.0 ug chl 1! above prior background levels during 2002-2009 (Hu et al.,
2011), in this part of the WFS. Based on student t-test criteria, there were no significant differences
in the phosphate contents of the water column there during August 2000 and 2010 (Fig. 2a). Except
for significant depletion of nitrate within the aphotic zone of 500-1000 m depths, due to
bioremediation of the Deepwater Horizon [DWH] fossil carbon substrates by aerobic denitrifying
bacterioplankton (Fig 2b), there was no difference in the realized interdecadal stocks of this other
“new” nitrogen nutrient within the euphotic zone during August 2000 and 2010. Thus, any decadal
changes of bottom-up controls of at least P- and N-limitation were unlikely causes of

phytoplankton population increments found after the DWH oil spills.

Moreover, dinoflagellate Pyrocystis lunula bioassays of possible deleterious
phytoplankton responses to oil contaminants and trace metal poisons (Okamoto et al., 1999;
Heimann, et al., 2002; Craig et al., 2003; Ozhan et al., 2014) then found there that any inhibitory
impacts within the euphotic zone at a depth of 2 m were only ~6.2% of potential growth during
August 2010 at station DSHOS8 on the 1050-m isobath (Paul et al., 2013). Yet, significant decadal
increases of both ammonium (Fig. 2c) and the bulk DON within the euphotic zone at station
DSHOS8 during August 2010, as well as later in May 2011, required an ongoing supply of
autotrophic organic matter to fuel this decomposition process of the near-surface water column
above the upper continental slope. Furthermore, DWH oils did penetrate inshore to WES beaches

that year (McDaniel et al., 2015), where a data-rich time series instead prevailed (Fig. 3).

As part of a continuing overfishing-induced trophic cascade, begun in 1965 (Walsh et al.,
2011; 2015a), copepod grazing pressures had been reduced to <10% of previous removals of
phytoplankton prey of varying palatabilities by 2010, at the start of the deleterious DWH oil spills.
The same accumulation of ungrazed phytoplankton, lysed (Lenes et al., 2013) at HAB demises
(Fig. 3) for export as aerosolized asthma triggers together with co-travelling mercury aerosols
(Walsh et al., 2015a), could also have provided the particulate fuel for observed decadal increments
of ammonifying bacterioplankton activities and their recycled nitrogen end product (Fig. 2c).

Finally, removal of usual chronic zooplankton fecal pellet vectors of phytodetritus to the sea
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bottom, compared to those of acute episodic oil-coagulated marine snow, may have shifted loci of
prior element remineralizations to the near surface water column. There, small slow sinking
phytoplankton cells, no longer sheathed in fecal pellets and marine snows of faster settling
velocities, were less likely to have exited the surface water column, before decomposition to form

pools of ammonium over 2000-2010.

Given these observed decadal temporal changes of seaward boundary conditions along the
shelf-break, as well as inter-annual variations of onshore fluxes of dissolved and particulate matter
due to varying rates of upwelling (Weisberg et al, 2014), did shelf-wide constituents of the WFS
exhibit similar chronologies? For example, the decadal stocks of silicate at the shelf-break off
Panama City had also not changed significantly within the euphotic zone between 2000 and 2010
(Fig. 2d).

Yet, upwelling during 2010 was anomalously persistent that year, like in 1998 (Weisberg
and He, 2003; Walsh et al., 2003; Weisberg et al., 2014; Walsh et al., 2015a), such that despite
inferred relaxation of grazing pressures on the WEFS, the accumulation of toxic dinoflagellate
HABs of Karenia brevis were negligible in 2010 (Fig. 3), i.e. even smaller than those of 1998.
Instead, more oil-tolerant diatom (Ostgaard et al., 1984) winners of the 2010 WES phytoplankton
competition were 1.4-3.4 fold more resistant that year to total petroleum and polycyclic aromatic
hydrocarbons of Louisiana sweet crude oil of DWH origins, than P. lunula (Ozhan et al., 2014),

once presumed Si-limitation was again alleviated (Walsh et al., 2003).

Accordingly, to test these hypotheses and answer the question of concurrent chronologies
at both sea and land boundaries of the WFS, we applied here the same model (Walsh et al. 2015a),
used in recent short term assessments of both particle fall-out and potential sea spray exports of
marine HAB and Hg aerosols, to now examine the implications and consequences of long-term
plankton chronologies of the inner WES (Fig. 3), between the coastline and the 50-m isobath, off
Sarasota, Florida (Fig. 1).

2. METHODS
2.1 Model structure
This model’s state vector consisted of a suite of 29 explicit and 7 implicit variables. In its

present heuristic mode, the daily food web interactions of the WES during three cases of the 1965-



1966, 2001-2002, and 2010-2011 model scenarios (Fig. 6) were defined in our present two
dimensional model by a total of 36 state variables. They began with physical and chemical habitats
of: {1} wind forcing; {2} temperature; {3} salinity; resultant {4} vertical K, and {5} horizontal
K« mixing coefficients as parameterizations of local and lateral physical exchanges of dissolved
and particulate matter; {6} spectral light; {7} colored dissolved organic matter (CDOM) of sloppy
copepod feeding origin; dissolved {8} iron; {9} di-nitrogen gas; {10} nitrate; {11} ammonium;
{12} organic nitrogen (DON); {13} silicate; {14} phosphate; {15} organic phosphorus (DOP);
and {16} organic carbon (DOC).

Most of these simulated susbtrates were used by {17} ammonifying lytic bacterioplankton;
as well as by {18} nitrifying bacterioplankton, with no formulations of either aerobic denitrifying
bacteria, or sulfate-reducing microbes (Walsh et al., 2015a). Both of these pelagic heterotrophs
competed for use of the nutrients against; chlorophyll-containing small diatoms {19} Skeletonema
costatum; and large diatoms {20} Rhizosolenia setigera; {21} autotrophic microflagellates
Isochrsyis galbana; the precursor {22} diazotrophs 7. erythraeum of toxic {23} dinoflagellate K.
brevis HABs; in contrast to the non-toxic {24} Cochlodinium polykrikoides dinoflagellates; and

{25} mixotrophic microflagellates Paraphysomonas spp.

But, note that the mean half-satuation constant ks for assimilation of CO- by six functional
groups of auototrophic phytoplankton (small and large diatoms, diazotrophs, toxic and non-toxic
dinoflagellates, microflagellates) was only 1.2 umol C I'! (Table 2), i.e. equivalent to 1.5 umol C
I'! for the mixotrophic microflagellates Pararphysomonas spp. of the model. Furthermore, the
usual stocks, S, of dissolved CO» within the euphotic zone were 10-15 umol C I'' (Burkhardt et
al., 1999; Riebesell, 2004), such that minimal carbon-limitation of all phytoplankton would prevail
at ~87-90 % of the potential realized growth rate, g, employing the usual Michaelis-Menten
definition of substrate uptake kinetics [g = gmax (S/(ks + S)]. Most marine phytoplanktpon were
capable of using bicarbonate (HCO3) carbon substrates as well (Nimer et al., 2008), so accordingly
carbon-limitation of the phytoplankton was ignored in the model, but not that of the

bacterioplankton.

In the anabolic non-linear terms of each state equation, gP, the gmax were maximal rates of
nutrient uptake, photosynthesis, and growth of P biomass of phytoplankton, bactetrioplankton,

tunicates, ciliates, herbivorous copepods, and omnivorous copepods, in units of equivalent carbon



stocks, at each time step. Then, S were the respective light irradiance and nutrient, labile DOC,
prey concentrations. In the last catabolic term of food web closure of the model, i.e. loss of
copepods to chaetoganth and scyphomedusa predators, S replaced P, such that predation was a
function of prey copepod biomass S and also of the half-saturation constants ks for the invertebrate
carnivores (Reeve, 1980; Moller and Rissgard, 2007), but not of their biomasses, since they were

implicit state variables.

Within the upper 50 m of the GOM basin off Louisiana, the labile carbon concentrations,
S, of glucose sugars were instead ~0.007 umol C 1! during 1996 (Skoog et al., 1999) of presumed
ages of <10 years (Cherrier et al., 1999). By comparison, ~270 umol C 1! of mainly refractory high
molecular weight DOC occurred within the Mississippi River Delta (Gardner et al., 1996), in
contrast to a global mean since 1994 (Ogawa and Tanoue, 2003) of ~70 umol C I"' of much older
oceanic DOC (Williams and Druffel, 1987). Using the ks for the assimilation of labile DOC of
0.100 umol C I'! by bacterioplankton (Table 2), the observed GOM sugar substrate of ~0.007 umol
C I, and the same Michaelis-Menten expression, about 93% of these simulated heterotrophic
microbes would have been limited by available labile carbon stocks. Accordingly, sources of labile
carbon in the model were “sloppy” feeders at the herbivore and omnivore trophic levels, assuming
whole ingestion of prey by bacteriovores, and ignoring DOC influxes from implicit carnivores,

terrestrial runoff, and recent oil spills (Walsh et al., 2015a).

Cell lysis of K. brevis HABs was described in the model by two IF statements, concerned
with critical masses of both accumulated dinoflagellates and ammonifying pelagic bacteria of the
model (Lenes et al., 2013). We thus postulated that such a labile organic carbon substrate scarcity
for bacterial predators increased phytoplankton susceptibility to lytic, particle attaching
bacterioplankton (Azam and Malfatti, 2007; Zhang et al., 2007; Hunt et al., 2008; Nicolaisen et

al., 2012), no longer content to utilize just DOM as free-living bacteria of the water column.

These C, N, P, Si and Fe-modulated lower heterotrophic and autotrophic levels of the
model were eaten in turn: by {26} ciliates Strobilidium spiralis; {27} tunicates Oithona dioica;
and copepods {28} Temora turbinata and {29} Centropages velificatus; subject to implicit
predation by {30} chaetognaths Sagitta hispida; {31} moon jellies Aurelia aurita; and nearshore
small adult pelagic fish stocks, dominated by the zoophagous Spanish sardine Sardinella aurita as

decaying, HAB-killed {32} forage fish sources of recycled nutrients (Walsh et al., 2009), between



the coastline and the ~20-m isobath (Pierce and Mahmoudi, 2001). Some of the new highlights of
the present model were thus explicit non-linear prey- and predator-dependent grazing rates, as well
as egestion rates of fecal pellets by four explicit functional groups (ciliates S. spiralis; tunicates O.

dioica; copepod herbivores T. turbinata and omnivores C. velificatus) of zooplankton (Table 1).

Finally, a benthic shunt of near-bottom remineralization (Darrow et al., 2003) recycled
additional nutrient sources of decomposing phytodetritus and these combined zooplankton fecal
pellets {33}, in use by the implicit benthic diatoms Navicula spp. {34}, grazed in turn by the
implict {35} macrobenthic oyster herbivores Crassostrea virginica. The heterotophic components
of the plankton model had units of equivalent particulate organic carbon (POC), nitrogen (PON),
phosphorus (POP) and iron (PFe), whereas the phytoplankton biomasses had additional equivalent
units of chlorophyll, and in the diatom cases, particulate silicon (PSi). The last implicit variable
was the particulate mercury content of absorbed mercury {36} in diatoms (PHg), with a mercury
content (Knauer and Martin, 1972) of 207 ng Hg g'! dw of the simulated larger R. sefigera (Table

1) populations.

Since larval fishes were a minimal source of GOM copepod mortality (Dagg and Govoni,
1996), their impact on the WES food web was ignored in computed hourly element exchanges
among the model’s state variables. These early life history stages of vertebrates fed on those
copepod naupliar and copepodite stages (Baier and Purcell, 1997) of zooplankton, which were also
presently unresolved by this model. Similarly, the oil poisonings of larval fishes (Carls and Rice,
1989) were presently neglected here. But, these larval fishes were also consumed by competing
chaetognaths (Coston-Clements et al., 2009), eating both copepods and ichthyoplankton, such that

the summary carbon budgets did consider their role in the plankton trophic pyramids of Table 2.

Yet, the surviving oil-poisoned, pesticide-poisoned, and Hg-poisoned copepod stocks of
the WES, after monthly net secondary productions within a trophic cascade, were not ignored.
Instead, they were empirically imposed as part of the model’s “known” interannual cross-shelf
boundary conditions of herbivory, exerted by the four zooplankton state variables during 1965-
1966, 2001-2002, and 2010-2011 (Tables 3-5). Their explicit losses were, in turn, non-linear
Monod functions of both the net remaining zooplankton biomasses computed every hour and the
prey half-saturation constants of food concentrations required by their invertebrate plankton and

adult fish predators (Table 1).



2.2 Physical transports

Following an earlier 2-D biophysical model of much simpler biotic interactions on the WFS
(O’Brien and Wroblewski, 1973), the vertical and lateral physical exchange processes were still
described here by eddy coefficients K, and K. The rich details of fully three-dimensional
circulation models of oil (Liu et al., 2011a,b) and plankton (Weisberg et al., 2014; 2015a, b)
dispersions over the WES were beyond the scope of this already complex, present simulation
study. Since values of K, and Ky, like the advective fields, were dependent upon wind and
buoyancy forcings (Mellor and Yamada, 1974), which were available for 1965-1966 (Joyce and
Williams, 1969), 2001-2002 (Lenes et al., 2012), and 2010-2011 (Liu et al., 2011a,b), we instead
used time-varying estimates of K, over the water column of the 20-m isobath and of Kx between

the 5-m and 45-m isobaths (Fig. 1).

The prior study had originally employed time-invariant respective mixing coefficients K,
and Kx of ~1 cm? sec™! and ~I x 10° cm? sec’!, thought to be typical of WFS winter conditions, in
that first 2-D cross-shelf model to effect turbulent transports (O’Brien and Wroblewski, 1973).
Winter surface mixed layers extended to depths of >50 m in the GOM, effecting K, of ~50 cm?
sec’! (Walsh et al., 1989), while larger K, values of ~190 cm? sec’! were estimated after other shelf
wind events (Wroblewski and Richman, 1987). So, we instead assumed a conservative maximal
winter value of ~40 cm? sec”! here, as used successfully in other prior WFS models (Lenes et al.,

2012) to reflect resupply of allocthonous nutrients of shelf-break and estuarine origins.

With establishment of summer thermoclines, values of instead ~1 cm? sec™! for K, were not
uncommon, and used in other models (Falkowski et al., 1980; Harrison et al., 1983). Accordingly,
here the model’s summer minimal value of K, was 1 cm? sec™! to effect physical resupply of
autocthonous recycled nutrients of biotic origins. When summer shelf circulations led to frontal
regions, the associated Kx of lateral exchanges of allocthonous properties across these physical
structures were then as small as ~3 x 10° cm? sec! (Klein, 1986), compared to nominal values of
~3 x 10° cm? sec! (Ketchum and Keen, 1955; Riley, 1967; Stommel and Leetma, 1972) used in
more of our past models (Coachman and Walsh, 1981; Walsh et al., 1997). Again, we employed a
seasonal range, but now that of a ten-fold difference between summer and winter lateral exchanges

represented by Kx, compared to a 40-fold change in vertical mixing effected by K.



From one year to the next, within these seasonal ranges, the daily persistance of the model’s
specific values of K; and Kx was also modulated by both wind and buoyancy, where the observed
WES temperatures and salinities were indices of past Loop Current penetration onto the shelf over
1965-2011, seen during the many cruises (Fig. 1). By conservations of mass and momentum, of
course, such alterations of hydrographic properties also reflected offshore transports of water
parcels and their constituents, forced by the Loop Current, local runoff, heating, and regional wind
fields, with all the biotic rate processes of the model also regulated by temperature (Table 1). Time-
dependent boundary conditions were next specified at these isobaths to represent both physical
exchanges of dissolved nutrient and particulate micro-algal and bacteria state variables of the
model, in relation to “known* interannual amounts of incident radiation and the surviving monthly

stocks of planktonic herbivores and omnivores, transported by mixing and harvested by carnivores.

2.3 Boundary conditions

Information from microscope counts of copepod nauplii in bottle casts, as well as of
zooplankton adults and their larval stages from net tows and pump samples, were obtained with
varying mesh sizes. These data were combined to specify surviving monthly cohorts of herbivore
carbon biomasses at the 5-m and 45-m isobaths of the WFS during the Hourglass, ECOHAB, and
C-IMAGE cruises (Fig. 1). Basically, the seasonal zooplankton carbon stocks on the inner WFS
of Centropages, and Strobilidium had each already declined ten-fold from 1965-1966 to 2001-
2002, before the oil spills of 2010-2011 began (Tables 5-7). In contrast, carbon biomasses of
Temora, and Oikopleura remained about the same between 1965 and 2002, with then ten-fold

decrements after 2010.

2.4 Validation data

As indicated by the open circles and triangles of Figures 4-10, fidelities of the computed
state variables were estimated from observations of: nitrate and ammonium (Jochens and Nowlin,
2000; USF data); cell counts of Trichodesmium and K. brevis (FWRI data); Rhizosolenia spp.
(Saunders and Glenn, 1969; Jurado et al., 2007); S. costatum (Saunders and Glenn, 1969); C.
polykrikoides (FWRI data); bacterioplankton (Pomeroy et al., 1995; Jones et al., 2010); O. dioica
(FWRI; Lester et al., 2008); C. velificatus, T. turbinata (King, 1950; Turner, 1984, 1987; Kleppel
et al., 1996; Lester et al., 2008; Walsh et al., 2015a); and ciliates (King, 1950; FWRI; Lynn et al.,



1991). Since this model was in a heuristic, rather than an operational, mode, sensitivity analyses
of model infidelities, compared to observations, were retained to illustrate inadequate results, due
to both incorrectly assumed maximal nitrifications rates of bacterioplankton and trophodynamics

of micro-zooplankton, in already complex descriptions of interacting WES plankton populations.

3. RESULTS
3.1 Nutrients

During summer on the WFS, once stratification of the water column curtailed vertical
mixing supplies of allocthonous nutrients as nitrate, the increased importance of autocthonous
recycled nutrients was observed previously (Walsh et al., 2003) and simulated here over 1965-
2011 (Fig. 3). Ammonium of the other dissolved inorganic nitrogen [DIN] pool became
particularly important, as well as labile urea, glutamate, and amino acids of the DON pools, all
utilized by K. brevis (Baden and Mende, 1979; Steidinger et al., 1998; Bronk et al., 2004). The
recycled nitrogen stocks (Fig. 4) were initially of Trichodesmium origin (Fig. 5a) for correct
prediction of prior summer onsets of Karenia HABs during 2001 (Fig. 5b). The four-fold
increment of observed June-August recycled nitrogen pools between 1999 and 2011 off Sarasota
(open square symbols of Fig. 4), like the same decadal increases of August bacterial ammonium
remineralization rates and pools found within near surface waters at the shelf-break off Panama
City during 2000 and 2010 (Fig. 2), reflected a regime shift to an unbalanced plankton state of the
GOM, after overfishing, oil spills, and releases of heavy metals and pesticides reduced

zooplankton fecal pellet vectors to the sea floor (Walsh et al., 2015a).

While, the total simulated DIN matched the combined observations of nitrate and
ammonium, the present scenario of faster nitrification rates overestimated the former nitrogen form
and underestimated the latter. Here, we used a maximal nitrification rate at 30°C of 0.30 day’!
(Table 1), compared to a prior smaller parameter value of 0.05 day™ in an earlier 3-D model (Walsh
et al., 2006). Here, no considerations were now made of either additional CO; carbon-limitation,
or more importantly light-limitation, of the zero sum exchange between oxidation states of DIN

(Ward, 1996), by the present simulated nitrifying bacterioplankton (Fig. 4).

Field observations of realized nitrification rates within a similar ecosystem of the
northwestern Mediterranean Sea found near shore ammonium oxidation rates at 35.0 psu in May

surface waters of 0.23 umol N I'' day™! by a nitrifying bacterial population of ~2.6 x 107 cells 1!,
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i.e. ~2% of the total bacterioplankton, at a thermal Q10 of 2.7 (Bianchi et al. 1994; 1999), similar
to the model’s temperature estimate (Table 1). Given a bacterial cellular nitrogen content of ~1
femtomol N cell!, or 13.7 x 10 ug N cell'! (Fagerbakke et al., 1996; Fukuda et al., 1998; Vrede
et al., 2002), the specific nitrification rate would have then been ~0.03 day! in a May CDOM-
shaded habitat of ~14°C off the Rhone River (Bianchi et al. 1994; 1999), or perhaps 0.08 day! at
28°C on the WFS. Accordingly, a more realistic slower rate of simulated ammonium oxidation
would have reversed the respective amounts of ammonium and nitrate accumulations within the

DIN pools of this version of the model (Fig. 4).

The previous smaller simulated nitrification rate of 0.05 day! represented biotic
autocthonous sources of nitrate, in contrast to allocthonous physical supplies of slope nitrate pools
within fully 3-D circulation fields (Walsh et al., 2003; 2006). But, given the focus here on
remineralization processes of nitrogen and thus the simplicity of cross-shelf nitrate exchanges in
this 2-D model, increased model fidelity would have also required a more complex 3-D version,
now under formulation, to more accurately again import nitrate stocks from the WFS shelf-break
(Walsh et al., 2003; 2006). Yet, once the initial ammonium sources from commensal diazotrophs
(Fig. 5a), decomposing dead fish, and zooplankton excretion of this model came into play, they
now effected here the required larger amounts of fall maintenance nutrients for HABs of K. brevis

(Fig. 5b), estimated in previous nitrogen isotope budgets (Walsh et al., 2009).

Use of ammonium for partial growth of the other simulated phytoplankton replicated
observations of: large and small Rhizosolenia and Skeletonema spp. diatoms (Fig. 6); another non-
toxic dinoflagellate Cochlodinium spp. (Fig. 7); and Isochysis spp. microflagellates, all in
competition with both the HABs (Fig. 5) and the nitrifying bacterioplankton (Fig. 8). For example,
the present model results also replicated the seasonal six-fold carbon increments of accumulated
biomass of K. brevis in October of most years (Fig. 3), compared to smaller summer amounts of
precursor diazotroph populations in August (Figs. Sa,b), due to additional harvests of zooplankton

and poisoned fish sources of nitrogen by the toxic dinoflagellates.

3.2 Phytoplankton
As a beneficiary of those nutrient supplies, recycled from: 1) the diazotroph colonies (Fig.
5a); 2) zooplankton excretion; and 3) decaying fishes killed by HABs, the simulated large

populations of K. brevis followed (Fig. 5b) those of the model’s Trichodesmium precursors during
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every year, except 2010 (Table 6). Then, both small diazotroph and HAB populations were
predicted (Table 6), when diatoms instead dominated the WES in 2010, like in 1998 (Walsh et al.,
2003; 2015a), with few HABs noted (Fig. 3). As a consequence of the anomalously decadal strong
bottom-up supply of nutrients via upwelling in 2010 (Weisberg et al., 2014) to fuel successful oil-
tolerant diatom competitors, the contiguous downstream offshore flows off Sarasota also “washed
out” these siliceous winners, leaving behind little accumulated biomasses of larger diatoms on the
central WES that year (Fig. 6e). Otherwise, following top-down, ten-fold reductions of the
herbivore stocks on the inner shelf between 1965-1966 and 2011 (Tables 3-5), the simulated annual
net accumulations of K. brevis had doubled from similar amounts of 90-91 pmol C I'! during 1

October 1965-1966 to 177 umol C 1! in October 2001 (Table 6).

By contrast, the model’s other simulated responses to these changed nutrient and grazing
constraints was just a two-fold increase of fall accumulations of R. setigera biomass by 1
September 2011 (Figs. 6a, c, e), compared to their computed abundances on that date in 1966 and
2002. Yet, the imposed boundary conditions of presumably oiled herbivorous Temora spp. on the
WES inshore 5-m isobath were those of ten-fold less biomass of 0.01 umol C 1! in September
2010, compared to 0.10-0.14 pmol C I'', estimated from naupliar and adult copepod stocks
measured in the same month of 1965 and 2001 (Tables 3-5).

Despite smaller grazing losses, continued silicon-deprivation had occurred as one of the
bottom-up controls in the model, once R. setigera exceeded its own carrying capacity, upon initial
relaxation of top-down grazing pressures. Between September 1965 and 1966, carbon biomasses
of Rhizosolenia had declined from ~4.5 pmol C 1! to ~0.5 umol C 17!, while the stocks of S.
costatum were the same ~0.3 pmol C 1! from April 1965 to April 1966 (Table 6). The larger
diatoms remained at the reduced low population levels during 1999 and 2000 (Fig 6c), when
validation data (Jurado et al., 2007) were obtained during those years at the 20-m isobath off Cape

Sable (the inverted open triangle symbol of Fig. 1).

The half-saturation constant for silicate uptake by the simulated Rhizosolenia state variable
was two-fold greater than that of the model’s smaller diatom S. costatum (Table 1). In prior
laboratory studies, Rhizosolenia fragilissima had ten-fold more silica per cell in their frustules than
S. costatum (Paasche, 1980), such that the former R. setigera would have also suffered silica-

limitation much faster than these other diatoms. As a consequence of less stringent bottom-up
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control, S. costatum populations did not show similar interannual variability of biomass
accumulations (Figs. 6b,d,f). A nutrient reprieve for these larger diatoms occurred, after the
anomalous upwellings of 2010, with two-four fold seasonal increments of R. setigera realized in
the model during 2010 and 2011 (Table 6), fueling, in turn, an increment of Temora herbivores by

2011, as well (Fig. 10e).

Without such silica-limitation of these microalgal prey Hg-carriers to zooplankton and
higher trophic levels, the simulated long-term increases of carbon and mercury biomasses of the
model’s R. setigera populations (Table 6) would have each been greater. When the model’s
seasonal maxima of these edible diatoms increased from 0.5 umol C 1! in September 1966 to 1.6
umol C I'! by September 2001 (Table 6), the observed mercury body burdens of the WFS
Scombermorus mackerels had also increased from 232 to 409 ng Hg g! dw over a similar time
period (Adams and McMichael, 2007). To place these statements on a comparative per unit volume
basis, however, for estimates of decadal food web transfers of Hg on the WES, from diatoms to

edible piscivores, some additional assumptions and biomass conversions were made.

During September 2001, the computed 1.6 umol C 1" of Rhizosolenia diatoms (Table 6),
or 0.36 pg chl I'! was equivalent to 20.0 pg dw I'!, assuming a C/chlorophyll weight ratio of 53 for
R. setigera (Mullin et al., 1966; Stauber and Jeffrey, 1988), and that chlorophyll pigments were
1.8% of micro-algal dry weight (Dolan et al., 1978). Then, the mercury content of these WFS
diatom populations would have been 4.14 pug Hg 1!, further assuming that year-round diatom
populations in the California Current were “fypical”, with a mean monthly mercury body burden

of 207 ng Hg g'! dw (Table 1) throughout 1971 (Knauer and Martin, 1972).

Finally, during October 2001, an estimated fish spacing of one m? in the WFS (Walsh et
al., 2006) suggested a fish concentration above the 10-m isobath of one ~7 year-old female king
mackerel Scombermorus cavalla of ~30 kg ww, or 7.5 g dw 1''. A mercury body burden of the
mackerels then of 409 ng Hg g'! dw (Adams and McMichael, 2007) yielded a possible mercury
content of 307 ug Hg 1! for these WFS piscivore fish populations. This bioaccumulation factor of
~75 fold in 2001 was similar to that measured of ~70-fold on the WFS, from detritus to piscivore

lane snappers Lutjanus synagris during 1995 (Kannan et al., 1998).

Reduced grazing losses and no silicon demands had also led to successful competition by

K. brevis during most years on the WES (Walsh et al., 2015a), resulting in a mean accumulation
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instead during August-December 2001 of a much larger ~5 x 10° cells 1! (Fig. 3), or ~50 pg chl 1!
and 125 pmol C 1" of the toxic K. brevis (Table 1) with a chlorophyll content of 100 pg chlorophyll
cell'! and a C/chl weight ratio of 30 (Walsh et al., 2001). However, most of this primary production
by K. brevis was not passed up the food web, since grazing by WES zooplankton herbivores and
omnivores on the red tides was then small, after the ten-fold reductions of the individual biomasses

of zooplankton groups (Table 2).

In contrast to the summer-fall bloomings of as much as ~150 umol C I'! of K. brevis, the
other competitor Cochlodinum sp. behaved instead like the diatom S. costatum, but with winter
blooms of just 3-5 pmol C I'! of this second dinoflagellate simulated by January 2002 and 2011
(Figs. 7b, ¢). Moreover, these simulated and observed stocks of Cochlodinum sp. during 2010-
2011 on the WFS were ~five-fold less than those found in the adjacent estuaries during March
2011 (Fig. 7c). Such model results indicated that: (1) this eutrophic dinoflagellate, with large half-
saturation constants for nutrient uptake (Table 2), was indeed a poor competitor on the WFS
against K. brevis, adapted instead for oligotrophic habitats, and (2) the WFS had not yet been
eutrophied, seaward of the mouths of the estuaries, despite popular convictions among some

proponents of reduced nutrient loadings to Florida’s coastal waters (Walsh et al., 2011).

If all of the July microflagellates counted by Karen Steidinger (personal communication)
during the HOURGLASS cruises on the central WFS during 1965-1966 (Fig. 1) were typical of
photosynthetic . galbana, with a carbon content of ~3 pmol C cell”! (Thompson et al., 1992),
phytoplankton stocks of ~0.3 umol C I'! of autotrophic microflagellates would have been other
food available to the dominant GOM ciliates, e.g. Strombidium and Strobilidium spp. (Liu et al.,
2005). But, the ciliates S. spiralis had a half-saturation constant ks of ~8 umol C I'! for 1. galbana
of ~3 microns size (Verity, 1991), such that the realized ciliate summer growth rate gs would have

been only 4% of the potential maximal rate gmax.

In contrast, the ks for consumption of 1. galbana by larval polychaete competitors (Table
2) Mediomastus fragile was ~5 umol C 1'! (Hansen, 1993), allowing an intermediate gs of about
6% of their potential maximum growth rate. Furthermore, the tunicates O. dioica of an average
gelatinous house size had a half-saturation constant of ~4 umol C I'! for I. galbana (Acuna and

Kiefer, 2000). Such a greater affinity for consumption of small microflagellates by tunicates would
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have provided these gelatinous microzooplankton with a two-fold competitive advantage over the

ciliates, realizing instead larger gs of 8% gmax . at the same prey concentration.

Yet, laboratory populations of 1. galbana had only a growth rate of 3.1 day' at 30°C
(Hobson et al., 1979; Herzig and Falkowski, 1989; Thompson et al., 1992). Whereas at 13°C, other
laboratory cultures of three genera of ciliates exhibited a mean suboptimal growth rate of 0.9
day’!, while eating I. galbana (Strom and Morello, 1998). Upon assuming a temperature Q1o (Table
2) of ~2.6 (Nielsen and Kiorboe, 1994), such WES ciliate populations at sufficient prey abundances
could have instead displayed a maximal growth rate of ~7.0 day™!' at 30°C, i.e. two-fold larger than
that of the autotrophic microflagellates. Thus, like silicon-limitation of ungrazed Rhizosolenia
populations, the WEFS ciliates may have suffered prey-limitation by overharvested

microflagellates, once copepod omnivores no longer ate ciliates during the trophic cascade.

The tunicate O. dioica had a smaller growth rate of ~2.0 day! at 20°C in the laboratory
(Troedsson et al., 2002), with a Qioof 1.7 (Gorsky et al., 1987), such that their food-replete growth
rate would have been just ~3.4 day' at 30°C on the WFS (Table 2), similar to some field
observations within the upstream Caribbean Sea off Jamaica (Hopcroft et al., 1998). Given these
relative growth rates, both ciliates and tunicates, no longer eaten by copepod omnivores during oil
spills and trophic cascades, would have quickly stripped microflagellates from the water column.
Thus, onsets of food limitation would also have soon prevailed, with the faster-growing ciliates
favored to win the outcome of microzooplankton competition within oil-free areas of the GOM,
based on the model’s “rules of engagement” (Table 1), in which the ciliate protozoans also had a

bacterial food supplement, unlike the tunicates.

3.3 Bacterioplankton

The model’s bacterioplankton did not require light for their anabolic processes, but they
competed against the GOM phytoplankton for utilization of Fe, NH4, DON, PO4, and DOP (Table
1). In terms of validation data, ~3.0 x 10° cells I'!, or only 0.6 umol C I'!, of observed total
bacterioplankton were found on the WES along the 20-m isobath (Pomeroy et al., 1995) during
the negligible HAB of June 1993 (Fig. 3). Then, small populations of the heterotrophic and
autotrophic plankton may have both perhaps been consequences of earlier seasonal summer
bacterial-induced lytic termination of the HAB carbon sources that year. Accordingly, few intact

algal substrates would have survived by the fall for the bacterioplankton to lyse.
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Yet, during the large HAB of September 2001 (Fig. 3), 2-4 fold greater bacterial
populations of 1.0-3.5 umol C 1! were observed and simulated (Fig. 8b) above the same isobath.
This larger bacterial community consisted mainly of: ~39% gammaproteobacteria, represented by
Pseudomonas spp.; 22% cytophaga/flavobacterium/bacteriodetes, represented by Cytophaga spp.;
and 12% alphaproteobacteria represented by algicidal Roseobacter spp. (Jones et al., 2010). Recall
that the assumed ecophysiological properties of the model’s bacterioplankton (Table 1) were

mainly those of Pseudomonas spp., except for the very fast growing nitrifiers Nitrosomonas.

Ciliates were thought to be direct bacterivores (Bernard and Rassoulzadegan, 1990), with
a maximal growth rate of 0.5 day! for Strombidium spp. at 15°C and a half-saturation constant ks
of 0.2 x 10'° bacterial cells 17!, or ~60 pmol C I'! of Vibrio natriegens (Ohman and Snyder, 1991).
Similarly, a benthic ciliate Strombidium sulcatum had a half-saturation constant of 0.6 x 10'° cells
1", or ~180 umol C I'! (Fenchel and Jonsson, 1988; Bernard and Rassoulzadegan, 1990). However,
since the observed bacterioplankton stocks on the inner WFS were only 0.6-3.5 umol C I'! (Fig. 8)
along the 20-m isobath (Pomeroy et al., 1995; Jones et al., 2010), the pelagic ciliates were unlikely
to have directly derived much of their nutrition from the heterotrophic base of this microbial loop,

i.e. perhaps ~1-6% during the continuing WFS cascade.

Nevertheless, a five-fold increment of observed total bacterial biomass along the 20-m
isobath of the inner WFS, between June 1993 and September 2001 (Pomeroy et al., 1995; Jones et
al., 2010), was consistent with the inferred increases of ammonifiers at the shelf-break off Panama
City during August 2000 and 2010 (Fig. 2d). Moreover, experimental trophic cascades of
increments of nitrifying bacterioplankton were also caused by removal of aquatic bacterivores in
Lakes Huron and Erie (Lavrentyev et al., 1997). Here, similarly, we suggest that a ten-fold
reduction of the simulated Centropages copepod predators (Figs. 10b, d) on ciliates, between
1965-1966 and 2001-2002, initially relaxed predation pressures on the protozoans. But, once these
ciliates were subject to subsequent prey-limitation, in turn, by over-grazed microflagellates, like
the silica-limitation of the larger diatoms Rhizosolenia, another ten-fold decline of simulated ciliate
omnivores Strobildium ensued between 1965-1966 and 2001-2002 (Figs. 9b, d). With minimal
protozoan bacterivores on the WES to harvest bacterial prey populations of both ammonifiers and
nitrifiers, the microbes would have consequently increased — as observed between 1993 and 2001

_ QED.
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Furthermore, a 10% transfer efficiency (Fath and Patten, 1998) was derived here from
model results between prey items of omnivores and herbivores and time-lagged biomass
accumulations of the latter higher trophic levels (Table 6). Application of the same rates of trophic
transfers between each component of a GOM microbial loop (Table 2), using instead bacterial prey
as a food source for copepod omnivores via intermediate heterotrophic ciliate transfers of energy
and elements (Gifford and Dagg, 1988), resulted in even smaller amounts of ~1% of copepod
nutrition derived from bacterioplankton. Finally, after two additional trophic steps to mackerel
piscivore fish consumers [bacterioplankton — ciliate — copepod omnivore — clupeoid
zooplanktivore — mackerel], these carnivores would have derived only 0.01% of their required

food from secondary production of the bacterioplankton.

Respiration costs were associated in the model with both initial utilization by
bacterioplankton of labile DOC substrates, and their passage through ciliates, as well as by
microflagellates eaten by tunicates, and pelagic diatoms eaten by copepods. Implicit bacterial
activities in the sediments also had carbon respiration taxes during regeneration of nutrients,
consumed by Navicula benthic diatoms and, in turn, by Crassostrea oysters, with other associated
respiration costs. But, since no sulphate-reducing, methylating bacteria (Compeau and Bartha,
1985; Choi and Bartha, 1994; Deveraux et al., 1996) of the sediments were present in this model
(Walsh et al., 2015a), their respiration and the distinct pools of recycled inorganic Hg and organic

MeHg were ignored here.

3.4 Microzooplankton

Although O. dioica houses were of similar ~700 microns size to other mesozooplankton
crustacean herbivores and omnivores in some cases, e.g. Paracalanus parvus and Acartia tonsa,
they were considered here to be functional microzooplankton of the model (Figs. 9a, c, e), since
they usually ingested picoplankton particles of <5 microns (Troedsson et al., 2002; Vargas and
Gonalez, 2004; Lombard et al., 2005). Similarly, the ~50 microns sized Strobilidium ciliates of the
model (Figs. 9b, d, f) consumed the same small microflagellate prey, as well as bacterioplankton
(Fig. 8). In contrast, some of the food supplies for copepod herbivores and omnivores were the net
phytoplankton, i.e. the >25 microns chain size of colonial diatoms and the larger dinoflagellates
K. brevis of 20-40 microns width, as well as the smaller ciliates. But, like the microbial

heterotophic food chain leading to omnivore copepods, e.g. Centropages spp. (Fig. 10), these
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consumers also ate tunicates [salps, or larvaceans], such as appendicularians O. dioica (Sommer
et al., 2003; Lopez-Urrutia et al., 2004) in another parallel model food chain [microflagellate —

tunicate — copepod omnivore — clupeoid zooplanktivore — mackerel].

Full impacts of GOM overfishing were not realized among these plankton communities
until the 1980s. Then, zoophagous S. aurita and thread herring Opisthonema oglinum, feeding at
the lower zooplanktivore trophic levels of forage fishes, replaced spring spawning grouper and
snapper piscivores (Collins et al., 2001; Renan et al., 2001). Additionally, moon jellies A. aurita
and sea nettles Chrysaora quinquecirrha at the same trophic level of these clupeoid forage fishes
had also increased ten-fold between 1985 and 1997 on the Alabama shelf (Graham, 2001). Finally,
a similar 7-fold increment of chaetognaths at this primary carnivore level had occurred in the Bay
of Campeche over the same time period on the western side of the GOM (Guzman del Proo et al.,
1986; Mille-Pagaza and Carillo-Laguna, 1999), as part of the Gulf-wide trophic cascades (Walsh
et al., 2011; 2015a). As implicit plankton predators, without specification of their respective
biomasses, the removals of adult copepod prey as part of the latter’s mortality rates (Hirst and
Kiorbe, 2002) were still different functions of the half-saturation rates (Table 1) for consumption

of copepods by chaetognaths (Reeve, 1980) and medusae (Moller and Rissgard, 2007).

During the 1980s, all of these GOM zooplanktivores had increased food demands on
smaller, post-cascade populations (Tables 3-5) of their prey, i.e. subsequently surviving dominant
herbivores and omnivores in 2001-2002, before the Deepwater Horizon oil spills (Walsh et al.,
2015a). Then, the major groups of larger zooplankton sizes were the tunicates O. dioica (Figs. 9a,
¢, e) and the copepods T. turbinata (Figs. 10a, c, €) and C. velificatus (Figs. 10b, d, f), found (Lester
et al., 2008) during the ECOHARB cruises (Fig. 1).

Of these two copepod genera (Fig. 10) of the same sizes, the simulated WFS
zooplanktivore demands had greater predation impacts on the omnivores C. vellificatus, than on
the herbivores 7. turbinata, despite supplemental food supplies of tunicates and ciliates for the
former as possible trophic upgrades of required fatty acids and sterols (Klein Breteler et al., 1999,
2004; Tang and Taal, 2005). In the Mediterranean Sea off Naples, Italy, Centropages typicus may
also have been subjected to more predation losses than Temora stylifera (Di Capua and Mazzocchi,

2004), reflecting the greater fecundity rate of the former copepod (Kiorboe and Sabatini, 1995).
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3.4.1 Ciliates

Using an average carbon content of 1.4 nmol C individual! (Putt and Stoecker, 1989), the
monthly observed biomasses of ciliates along the WES, between Tampa Bay and Charlotte Harbor,
from the HOURGLASS cruises (Fig. 1) exhibited a seasonal maximum of 47,645 ciliates 1!, or
~66.7 pmol C 1!, during June 1965 and 1966 at the 5-m isobath (Table 3). By comparison, 1.0
umol C 1! of the protozoans occurred in those months above the 45-m isobath (Table 3). Given
these time-dependent and spatially-variant boundary conditions, in relation to the simulated food
supplies and population losses of the ciliates during horizontal and vertical mixing of their physical
habitat, the model results yielded a monthly maximum of 12.0 pmol C 1! of Strobilidium on 1 July
1965/1966 of the initial trophic cascade above the 20-m isobath (Table 6).

Such a simulated maximal WEFS ciliate accumulation of prey biomass during 1965 and
1966 occurred 124 days before the model’s successful growth of computed omnivore Centropages
adults on 1 November 1965 and 1966. This accumulated copepod stock (Fig. 10b) of 1.28 uymol C
I'! (Table 6) represented a trophic transfer efficiency of 10% between two sets of omnivores:
copepod predator and protozoan prey. Before simulated silica-limitation curtailed growth of
Rhizosolenia spp. by 1 September 1966, their accumulated stock a year earlier of 4.30 umol C 1!
on 1 September 1965 again yielded 0.46 pmol C I'! of WFS Temora spp. by 1 May 1966 (Table
6). Thus, another trophic transfer efficiency of 10% was realized between instead phytoplankton
prey and copepod herbivores of the model. Presumably, a large stock of Rhizosolenia spp. in 1964
had similarly fueled the same amount of computed biomass of 0.48 umol C I'! of Temora spp. on

1 May 1965 (Table 6), since no competing HABs then occurred earlier during 1964 (Fig. 3).

Furthermore, the model’s imposed monthly surface temperatures on the ~20-m isobath of
WES during July-October 1965 and 1966 were a mean of 29.1°C (Joyce and Williams, 1969), still
favorable for growth of these warm-water copepods (Hassett and Crockett, 2009), until a lethal
limit above 30.0°C was obtained (Halsbank-Lenk et al., 2002). Given durations of ~12 days at
15.0°C for each of the usual isochronal eleven early life history stages (Di Capua and Mazzocchi,
2004) of both C. typicus and T. stylifera (6 naupliar and 5 copepodid phases) off Naples, Italy, the
WES juvenile stages would have lasted ~132 days, from nauplius to moulted adult female of each
species, at the same temperature. But, with an overall Q1o of 3.0 for growth of Centropages and
Temora (Table 1), the early life history durations of both WFS populations may have been instead

just ~44 days during summer temperatures for adults to emerge as prey for zooplanktivores, after
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eating ciliates as the major menu item in the daily diet of the former, compared to mainly diatoms

and dinoflagellates of the latter.

On 5 August 1992, for example, the observed diet of C. velificatus consisted then of 86%
microzooplankton and 14% diatoms on the WES (Kleppel et al., 1996). In contrast, T. turbinata
was unable to catch GOM ciliates (Wu et al., 2010) with its filtering currents, effected by moving
their mouth parts. Indeed, by the beginning of August 1992 on the WFS, the surviving facultative
herbivores T. stylifera ate protozoans as the last resort (Kleppel et al., 1996), apparently preferring
an equivalent amount of K. brevis (Turner and Tester, 1997) at the onset of the HAB of ~10 pug
chl I'! that year (Fig. 3). On 5 August 1992, the WFS diet of T. stylifera was 18%
microzooplankton, 62% nanoplankton, and 20% mainly toxic dinoflagellates (Kleppel et al.,
1996). Farther upstream on the Louisiana shelf, based upon fecal pellet contents, the C. velificatus
populations were raptorial (Tiselius, 1989) carnivores, while T. turbinata and T. stylifera were
mainly herbivores (Turner, 1984; 1987), next to eutrophic nutrient supplies of the diatom-rich,

Mississippi River plume (Dortch and Whitledge, 1992).

Farther downstream on the more oligotrophic Georgia shelf of the South Atlantic Bight
[SAB], based instead upon laboratory feeding experiments, both C. velificatus and T. stylifera were
omnivores, when offered a selection of Rhizosolenia and copepod nauplii (Paffenhofer and
Knowles, 1980). Additionally, half-saturation constants ks for growth (Table 1) of either C. typicus,
or Acartia tonsa, were ~8 umol C I'' (Dagg and Grill, 1980; Mayzaud et al., 1998), such that at no
time of the year did the mean WFS diatom stocks (Saunders and Glenn, 1969) of ~3.3 umol C 1!
biomass during 1947-1972 (Table 2) then amount to sufficient amounts of food for these
facultative copepod omnivores, i.e. providing about 29% of their maximal ingestion demands via

herbivory.

By 1986 within very far, upstream teleconnected waters (Walsh et al., 2011) of the
Caribbean Sea, where similar overfishing off Jamaica had also occurred (Hughes, 1994), a ten-
fold reduced seasonal maximum of only 3,930 ciliates 1! was found off Kingston, Jamaica from
other bottle samples in August-September 1986 (Lynn et al., 1991). With transit times of <75 days
for physical exchanges (Walsh et al., 2011) of both ciliate and tunicate microzooplankton
populations within western boundary currents of the southern GOM, these upstream data provided

inter-annual temporal sequences, despite spatial separation. The same protozoan carbon content
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yielded an inferred post-cascade biomass estimate of ~5.5 umol C 1" of ciliates during ~2001-
2002 on the WES (Table 2). Accordingly, ten-fold smaller boundary conditions of ciliates at the
5-m and 45-m isobaths were imposed in the models cases of 2001-2002 and 2010-2011 (Tables 4-
5), compared to those of 1965-1966 (Table 3).

3.4.2 Tunicates

The model persistently overestimated the observed stocks of omnivore tunicates on the 20-
m isobath during 1965-1966 (Fig. 9a), with then simulated underestimates of the “known” ciliate
biomasses (Fig. 9b), like the inverse pools of ammonium and nitrate (Fig. 4). Herbivore
competitiors, i.e. meroplanktonic larval herbivore polychaetes (Table 2), had not been included as
other state variables of the model to remove joint prey of the tunicates, thus initiating food
limitation of these gelatinous predators in the “real world” (Hopkins, 1977; Badylak and Phlips,
2008). When oil-contamination was found on the WES during 2010 (Weisberg et al., 2014a;
McDaniel et al., 2015), with presumably greater impacts on tunicates (Nour El-Din and Al-Kayat,
2001) than ciliates (Andrews and Floodgate, 1974; Rogerson and Berger, 1981; Dale, 1987),
greater fidelity of model results instead occurred (Fig. 9c). After oil spills, the observed tunicate

stocks at the 5-m isobath then declined from 2001 to 2011 (Tables 4-5).

Without future correct assessments of natural mortalities of the tunicates, additional
misunderstandings of plankton trophodynamics of coastal seas will continue, since the model also
did not include additional food supplies of the tunicates. In laboratory analogues of the “real
world”, O. dioica ate the prymnesiophyte microflagellates 1. galbana, and diatoms, as well as
ciliates Strombidium spp. (Lombard et al., 2013), similar to the diets of other omnivores, i.e. the
copepods C. typicus (Wiadnyana and Rassoulzadegan, 1989). Field studies of predator-prey
interactions within eutrophic ecosystems of the Baltic Sea, the English Channel, the Bay of Biscay,
and the northern Chile upwelling system (Lopez-Urrutia et al., 2004; Vargas and Gonzalez, 2004;
Tonnesson and Tiselius, 2005) also found that only 24% of the food of O. dioica was of micro-

algal origin, with suggestions of their additional ingestion of ciliates.

For example, within Kiel Fjord, the chain-forming diatoms of the April-June 2001 spring
blooms had a del N-15 of +6.5%0, while the del N-15 signatures of herbivorous Pseudocalanus,
Temora, and bivalve veliger larvae were a mean of 8.9%0 (Sommer and Sommer, 2004), yielding

a trophic enrichment of +2.4%o. Yet, the del N-15 of O. dioica was then +10.3%¢ (Sommer and
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Sommer, 2004), thus feeding at a higher carnivore trophic level on presumably animal sources of

protein, e.g. ciliates.

Accordingly, one second “cure’ for the mismatches of our present model results with the
microzooplankton observations (Fig. 9) would have been to instead feed more of the tunicates to
simulated calanoid copepod omnivores, specifically their eggs of >40 microns size (Sommer et al.,
2003; Lopez-Urrutia et al., 2004; Stibor et al., 2004) in an expanded set of life history state
variables, before the oil spills. Recall that the first “cure” for the mismatched ammonium
accumulation rates (Fig. 4) would have been use of a smaller rate of nitrification. Future numerical
studies could accordingly include other case studies of greater ecological complexity, in which the
ciliates would be the additional prey of oil-sensitive tunicate predators, with the potential to
accelerate fallout of petrochemicals (Walsh et al., 2015a) and other pollutants to the sea floor
(Alldredge, 1976; Bruland and Silver, 1981; Lombard et al., 2010, 2013), while oxidation rates of

ammonium were less within explicit 3-D descriptions of nitrate influxes from slope waters.

These tunicates shed houses at rates of 2-20 houses day™! (Sato et al., 2003), with sinking
rates of 45-231 m day’!, depending upon the ingested “ballast” within their houses (Lombard et
al., 2013). Of course, if most of the tunicates were routinely eaten by Centropages and Acartia
spp. (Sommer et al., 2003), major particle exits in the forms of either shed tunicate houses, or their
extruded fecal pellets, would be moot. Instead, more phytoplankton toxins in aerosol stages would

be left behind to exit global sea surfaces of HAB-ridden shelves (Walsh et al., 2015a, b).

Note that ~50.0 nmol C 1! of T. turbinata was observed and simulated on the 20-m isobath
of the WES in mid-January 2001 (Fig. 10c), before the Deepwater Horizon oil spills. Instead, a
~75% biomass reduction to ~12.0 nmol C 1! of these copepods occurred afterwards by January
2010, as again mimicked by the model (Fig. 10e). The observed stocks of O. dioica had similarly
declined by 75%, from ~25.0 nmol C I'! on the 20-m isobath of the WFS in mid-January 2001
(Fig. 9¢) to ~6.0 nmol C 1! of these tunicates by January 2010 (Fig. 9e).

These simulation results and data constraints suggested that: (1) compared to the oil-hardy
ciliates, the calanoid copepod omnivores may have been equally sensitive to petroleum poisons as
their competing tunicate omnivores; (2) significant oil loadings from the Deepwater Horizon
blowout (Fig. 1) must have indeed penetrated the inner WES (Weisberg et al., 2015a; McDaniel et
al., 2015) to reduce the observed stocks of both T. turbinata and O. dioica, by as much as 75% up
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to January 2010, approximated by the 2-D model predictions (Figs. 9c, e; 10c, e); and (3) a
combination of both trophic cascades and oil spills were required for persistent, but perhaps not
irrevocable, alterations of marine system states, with consequent public health maladies among

downwind adjacent human populations.

3.5 Mesozooplankton

As aresult of past overfishing, mercury releases, pesticide poisonings, and now a ~30-year
history of oil platform blowouts on both sides of the GOM, regional zooplankton herbivores had
declined ~10-fold, based upon sampling of GOM copepod populations, with plankton nets of
varying mesh sizes up to 333 microns, from 1949 to 2011 (Walsh et al., 2015a). Here, we compiled
another time series of shorter interval, from 1965 to 2002, based on additional samples from the
WES, obtained instead by bottle and pump casts of zooplankton larval stages. These additional
data were corroborated by the net samples of adult abundances. But, the larval zooplankton stages
were collected with more efficient 41-74 microns (Hopkins, 1977; Badylak and Phlips, 2008) and
145-153 microns (King, 1950; Lester et al., 2008) mesh sizes, until the nets clogged. The larger
mesh size nets undersampled the juvenile phases of copepods, caught instead with smaller 64

microns mesh nets (Baier and Purcell, 1997).

A seasonal maximal copepod larval population of 3725 nauplii I'' was counted by Karen
Steidinger along the 5-m isobath of the WES (Fig. 1) in August-September 1965, using bottle
samples (Joyce and Williams, 1969) during a small HAB of ~1.5 pg chl I'! (1.5 x 103 cells 1) in
October 1965 (Fig. 3). About 40 years later during August-September 2002, only 225 nauplii 1!
were observed at the ~5-m isobath near the mouth of Tampa Bay (Fig.1), using again water
samples, rather than nets (Badylak and Phlips, 2008). Then, about 2 ug 1! of total bulk chlorophyll
occurred there (Badylak and Phlips, 2008) during a similar small red tide of ~1 pug chl 1! (1 x 10°
cells I'") in October 2002 (Fig. 3), such that altered amounts of HAB poisoners over time were

presumably not a factor in the ten-fold decline of seasonal WFS abundances of copepod nauplii.

These early life history stages of copepods had a carbon biomass of nauplii = stage 1
copepodites (Mauchline, 1998) for both C. velificatus and T. turbinata of ~2.5 nmol C per each
individual (Chisholm and Roff, 1990), where C = 32% dw (Wiebe et al., 1975). Thus, a maximum
early life history adundance of ~3725 nauplii 1! amounted to ~0.9 umol C I"' of nauplii during

August-September 1965. These newly hatched copepodite omnivores would have eventually eaten
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phytoplankton, ciliates, tunicates, and other copepod herbivores over their life histories of a few
months duration. In turn, they served as prey of the competing larval fish, chaetognath, and
scyphomedusa predators in pre-cascade and post-cascade carbon budgets here of changing

plankton pyramids of biomass on the WFS (Table 2).

Accordingly, in the first carbon budget of the pre-cascade plankton state (Table 2), the
seasonal naupliar maximum along the WFS 5-m isobath during August-September 1965 of initial
larval copepod stages was assumed to be still dominated (King, 1950) by the omnivores
Centropages and Acartia. Away from estuarine areas, adult female stocks of Centropages spp. on
the WES (Lester et al., 2008) also had to have been present during the preceding 10.8 hours at
~25°C (Joyce and Williams, 1969), based on a mean naupliar duration stage of 32.3 hours at 15°C
and a Qo (Table 1) of 3.0 (Huntley and Lopez, 1992; Kiorboe and Sabatini, 1995). Since C.
velificatus and T. turbinata had similar sizes and growth rates of 0.5-0.6 day™!' (Table 1) at ~30° C
(Chisholm and Roff, 1990), with the same temperature Q1o for these copepods of 3.0 (Huntley and
Lopez, 1992), the physiological parameters of the former copepod were used to estimate trophic
exchanges among different biomasses of WES plankton omnivores during 1948-1972 and 2001-
2002 (Table 2).

Eggs of the broadcast spawning Centropages spp. of the WES were further assumed to
have a mean weight of 2.8 nmol C egg™!, produced by females of a larger mean weight of 1.0 umol
C individual™. Their mean egg production rate may have been 63 eggs female™! day™!, or ~29 eggs
female™ over the same 11 hours of naupliar maturation (Corkett and Zillioux, 1975; Dagg, 1978;
Klein Breteler et al., 1982; Smith and Lane, 1985; Nival et al., 1990; Fryd et al., 1991; Davis and
Alatalo, 1992).

Finally, given a 3% mortality of copepod eggs over the first 11 hours of post-hatch survival
(Hirst and Kiorboe, 2002), an equivalent number of ~350 eggs 1! would have led to the observed
0.9 pmol C I'' of nauplii in 1965. With such an egg production rate, 12 females 1"! would have
amounted to an adult spawning population of 12.5 pmol C I'! of copepods during 1965. A sex ratio
of 2 females for every one male copepod (Hirst and Kiorboe, 2002) suggested a total pre-cascade
adult population then of perhaps 18.3 umol C 1! of total copepod omnivores (Table 2) on the
nearshore WFS in August 1965.
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About two decades earlier, before onset of the trophic cascade, the seasonal maximum of
measured zooplankton biomasses between the 4-m and 9-m isobaths off Charlotte Harbor had been
a larger displacement volume of 44 ml m* (King, 1950), or perhaps ~70.4 umol C 1! (Khromov,
1969; Wiebe et al., 1975) in August 1949. At that time, the copepods Centropages, Acartia, and
Temora spp., as well as the ciliates Euplotes spp., were again the dominant omnivores (King,
1950), presumably exerting top-down controls of the subsequent small HABs found during 1957-
1959 (Fig. 3).

3.6 Carbon budgets
3.6.1 Pre-cascade

Overfishing of the piscivore red snapper L. campechanus after 1965 (Porch et al., 2007)
had initiated a trophic cascade on the WFS (Walsh et al., 2011). At that time, estimated non-toxic
carbon biomasses (Table 2) were 75.8 umol C 1! of dinoflagellates, e.g. Peridinium spp. found
both on the WFS (Steidinger and Williams, 1970) and off Veracruz (Garate-Lizarraga and
Muneton-Gomez, 2008), and of 3.3 umol C I'! of diatoms before Si-limitation, e.g. Rhizosolenia
(Saunders and Glenn, 1969). Together, they may have contributed a combined pre-cascade
phytoplankton sum of 79.1 umol C 1! to the edible prey fields of C. velificatus on the WFS. The
estimated pre-cascade carbon biomass of ~0.3 umol C 1! of small microflagellates, e.g. I. galbana,
would not have been directly available to copepod omnivores (Paffenhofer, 1984; Fulton, 1984),
without 90% respiration losses via ciliate and tunicate microzooplankton transfers. But, they were

still included here as realized “known’ biomasses of the protozoans and metazoans (Tables 2-5).

Such a sum then of 66.8 umol C I'! of microzooplankton ciliates and tunicates could have
provided more of the food menu of these crustacean omnivores during 1948-1973 (Table 4). We
used the 10% transfer efficiency between omnivore copepods and their algal and animal prey fields
confirmed here in the model results (Table 6). Accordingly, this trophic pyramid at the 5-m isobath
required a total pre-cascade food source of 183.0 umol C I'! for those copepod omnivores, of which
145.9 umol C I'', or ~80%, could have been supported by the stocks of presumed edible
phytoplankton and microzooplankton during 1947-1972 (Table 4). What were the other food

supplies?

Along the 5-m isobath at the mouth of Tampa Bay, the pre-cascade micrometazoan

populations of mainly bivalve and polychaete larvae were the dominant meroplankton components
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(Hopkins, 1977). They represented potential seasonal planktonic food for WFS copepod
omnivores, like the prey of Acartia bifilosa and A. clausi found in European estuaries (Sautour and
Castel, 1995). Laboratory populations of the meroplanktonic larvae of both mussels Mytilus edulis
(Fotel et al., 1999) and poylchaetes Mediomastus fragile (Hansen, 1993) also readily ate the
microflagellates 1. galbana. Decadal increments (Badylak and Phlips, 2008) of these WFS summer
maximal larval herbivore populations thus started from a baseline in lower Tampa Bay of 17.6
veliger larvae 1" of bivalves and of 3.4 polychaete larvae 1! of annelid worms during August 1970

(Hopkins, 1997).

The field abundances of the dominant meroplankton larvae had respective carbon contents
of 0.4 ug C individual™! for bivalves (Fotel et al., 1999) and 0.2 ug C worm™! for poylchaetes
(Hansen, 1993). So, their initial pre-cascade stocks amounted to combined larval invertebate food
souces for the copepod omnivores of 7.7 umol C 1" in 1970, i.e. another 4% of the first carbon
budget during 1947-1973 (Table 2). Thus far, all of these potential prey organisms had yielded a

cumulative sum of 84% of the estimated food demands of pre-cascade copepod omnivores.

Depending upon the realized palatability of K. brevis to copepods (Gill and Harris, 1987;
Uye and Takamatsu, 1990; Turner and Tester, 1997; Speekmann et al., 2006; Cohen et al., 2007;
Breier and Buskey, 2007; Waggett et al., 2012; Turner et al., 2012; Lauritano et al., 2013), all of
the small amount of pre-cascade HABs of 12.5 umol C I'! may have then been eaten by the copepod
omnivores. In this scenario, a penultimate 7% of the annual carbon demands of such copepods
could have been met by HABs, with perhaps 9% left still “unknown”, in the absence of invocation
of larger trophic transfer efficiencies. Indeed, if the copepod omnivores had not removed most of
the pre-cascade secondary production of these HABs, despite their inadequate nutrition, relaxation
of grazing pressures would not have led to the much larger subsequent post-cascade HABs on the

WES (Fig. 3).

Other consideration of more energy transfers to predators at the next higher trophic level,
with the same ecological efficiency of 10%, would have required a WFS predator stock of 1.83
umol C 1! of vertebrate and invertebrate zooplanktivores in the pre-cascade trophic pyramid of
1948-1973 (Table 2). Within GOM and SAB waters, a combined biomass sum of ~0.84 pmol C I
! of larval fish (Houde and Chitty, 1976), chaetognath (Pierce, 1951; Reeve, 1964; Mulkana and
Mcllwain, 1973), and scyphomedusa (Burke, 1975) predators was estimated at this trophic level

25



in the first carbon budget (Table 2). In the next post-cascade budget, a jellyfish predator biomass
of ~0.02 umol C I'! was instead again inferred from a 10% ecological efficiency of element
transfers, compared to ~0.03 pmol C I'! obtained from additional independent estimates (Graham,

2002) of separate summer biomasses of these carnivores over 2001-2010 (Table 2).

3.6.2 Post-cascade

Using a similar mesh size in the same area of the WES, a ten-fold smaller amount of 225
total copepod nauplii I'! was found near the 5-m isobath at the mouth of Tampa Bay in August-
September 2002 (Badylak and Phlips, 2008). These observations yielded a post-cascade adult
omnivore stock of just 1.1 pmol C I'! (Table 2), based upon the same assumptions and conversion
factors (Table 1). Then, their ingestion demands of 11.0 pumol C I"! could have been easily met by
the combined potential prey sum of 145.6 umol C I"!, derived from: 2.3 pmol C I'' of tunicates;
5.5 umol C I'! of ciliates; 8.8 umol C 1! of diatoms; and 129.0 pmol C 1! of meroplanktonic larvae,
without additional utilization at that time of the ungrazed HABs (Table 4), which had replaced the

peridinians (Steidinger and Williams, 1970) as the dominant dinoflagellates.

The observed meroplanktonic increments to ~315 veliger larvae I'' and ~15 polychaete
larvae 1! in June 2002 (Badylak and Phlips, 2008) summed to an equivalent biomass of ~129 umol
C I'! in the second post-cascade budget over 2001-2002. Such biomass increases reflected the
>10-fold smaller amount of their post-cascade copepod predators (Table 2). Corroboration of these
observations was provided by an earlier zooplankton time series (Walsh et al., 2011), employing
different, but consistent sampling techniques. Along the 5-10 m isobaths of the WFS during
August 1973, bongo nets of 333 microns mesh size caught a mean displacment volume of ~0.30
ml total adult zooplankton m- over 20 nearshore stations (Houde and Chitty, 1976). With the same
type of nets and mesh sizes over a similar station grid two decades later, the WES total zooplankton

biomass had declined to ~0.03 ml m~ by August 1993 (Walsh et al., 2011).

Finally, recall that the regional GOM satellite observations and in situ algal cell counts
(Fig. 3) of increased phytoplankton biomass confirmed the apparent inverse declines of
zooplankton biomass on both sides of the GOM (Walsh et al., 2015a), as well as in other coastal
isomorphs of another 24 zooplankton time series (Walsh et al. 2015b). It was unlikely that
increased temperatures of global warmings and associated coral bleachings had led to decreases in

gross zooplankton growth rates (Banse, 1982; Huntley and Lopez, 1992). So, the most feasible
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long-term scenarios for these zooplankton and phytoplankton observations at regional GOM and
global scales involved world-wide marine trophic cascades (Paine, 1980; Carpenter et al., 1985;
Pauly et al., 1998; Pace et al., 1999; Frank et al., 2005; Walsh et al., 2011), with increased fatal
pulmonary consequences for adjacent humans, including perhaps ~13% of the ~2 million children

of <5 years of age, who died from pneumonia during 2004 (Wardlaw et al., 2006).

4. DISCUSSION

Given a reduction of copepod facultative herbivore biomasses of 17.2 umol C 1! between
1965-1966 and 2001-2002 (Fig. 10) and a 10% ecological transfer efficiency (Table 2), the no
longer consumed algal prey would have amounted to an ungrazed increment of 172.0 umol C 1!
of all phytoplankton over the same time period. Then, the respective increases of particulate stocks
of microflagellates were negligible, whereas the sum of particulate HAB and diatom population
increments [112.5 4+ 5.5 umol C I''] was 118.0 umol C I'! (Table 2). This difference of 54 umol C
1! presumably represented export of bacterial-lysed HAB cells in dissolved form, with subsequent
expulsions from surface sea waters each year as HAB aerosols within wind-borne sea spray (Walsh

et al., 2015a).

Such an inferred NE Gulf of Mexico aerosol flux amounted here to 48% of the net total
carbon sequestration by HABs on the WFS between 1965-1966 and 2001-2002, i.e. 54.0 umol C
1! of the decadal increment of 112.5 umol C 1I'! (Table 2). It was traced downstream later in 2007
as known county-wide asthma hospitalization rates over the southeastern United States (Walsh et
al., 2015a). Globally the landward dispersion of marine HAB asthma triggers caused about 13%
of the world-wide malign pulmonary events, i.e. ~40 million asthma attacks, among adjacent
humans during 2004 (Walsh et al., 2015b). Given now a quantitative definition of the magnitude
of these marine poison impacts from regional and global seas, future construction of operational
forecasts models next becomes a feasible, societally-relevant goal, analogous to routine ongoing
forecasts of storm surges, for proactive prediction and alleviation of pulmonary disease

consequences among both developing and developed sea-side nations.
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Table 1. Model ecophysiological parameters of Bacterioplankton: ammonifiers (Pseudomonas Ba);
nitrifiers (Nitrosomonas Bn); Phytoplankton: diatoms (Skeletonema Ps, Rhizosolenia Pr);
dinoflagellates (Karenia Pk, Cochlodinium Pc); autotrophic microflagellates (Isochyrsis Pm);
heterotrophic microflagellates (Paraphysomonas Ph); diazotrophs (Trichodesmium Pt); and
Zooplankton: ciliates (Strobilidium Zs); tunicates (Oikopleura Zo); copepods (Temora Zt,
Centropages Zc); chaetognaths (Sagitta Zg ); and medusae (Aurelia Za)

Ba Bn Ps Pr Pk Pc Pm Ph Pt Zs Zo 7t 7Zc 7Zg 7a

Growth ratesat  1.5'  2.0' 34% 1.9° 1.0* 1.6 3.1° 3.1 0.97 7.0® 3.0° 0.5'° 0.6'° 0.2"" 0.2"
30°C (day™h

Metabolic 3.4 34B 20" 2.0 2.0" 2.0%2.0"2.0 2.0" 2.6 1.7'° 3.0 3.0 2.7'% 2.8"”
thermal Q1o

Half-saturation constant (umol I’

Silicate - - 0.8° 1.5 - - - - - - - - -
Nitrate - - 052 1.7% 047 0.6* 03% - - - - - - -
Ammonium - 03% 0.5 1.7% 045 0.6 02% - - - - - - -
DON 1.5% - 2.0% 255 1.0 1.5% 15° - - - - - - - -
Phosphate - 01 037 03%02® 05%02% - 01 - - - - - -
DOP 05 - 1.0% 1.0®° 04%® 1.0*1.0® - 02® - - - - - -
Carbon 0.132-33 0_1 0.534-35 1.236 1.434, 371_434,37 0_3381.5 2_538-39 840 441 842»43 842»43 244 145

Iron (pmol 1) 10** 10 5° 5% 50 59 59 50500"° - - - - - -

Light saturation - - 225% 190% 65% 400%* 275% - 400 - - - - - -
(uE m? sec™)

C/chl weight ratio - - 110845384305 100® 200%° - 100 - - - - - -
Hg content 207%°

(ng Hg g dw)

!Goldman and Dennett (2000); 2Langdon (1988); *Furnas (1991); “Magana and Villareal (2006); Kim et al. (2004);
%Thompson et al. (1992); ’Carpenter and Roenneberg (1995); 8Strom and Morello (1998); °Troedsson et al. (2002);
10Chisholm and Roff (1990); "Kimmerer (1984); '>Uye and Shimauchi (2005); '*Shiah and Ducklow (1994);
“Banse (1982); '*Nielsen and Kiorboe (1994); '®Gorsky et al. (1987); '"Huntley and Lopez (1992); '*Reeve and
Walter (1972); Hansson (1997); *°Davis et al. (1978); >'Nelson and Dortch (1996);2?Eppley et al. (1969);
ZSteidinger et al. (1998); >*Kudela et al. (2008); >Lenes et al. (2012); 2Walsh et al. (2001);>’Ou et al. (2008); 2Kim
et al. (2001); ;?Vargo and Howard-Shamblot (1990); **Lenes et al. (2005); *' Taft et al. (1975); **Azam and Hudson
(1981); *3Button et al. (1992); **Caperon and Smith (1978); *Rost et al. (2003); **Tortell et al. (2000); *’Rost et al.
(2006); 33Burns and Beardall (1987); ¥Kranz et al. (2009); “*Verity (1991); *'Acuna and Kiefer (2000); *Dagg and
Grill (1980); “*Mayzaud et al. (1998); “Reeve (1980); “*Moller and Rissgard (2007); “Tortell et al. (1999); “’Mioni
et al., 2003;®¥Mullin et al. (1966); “*Stauber and Jeffrey (1988); *°Knauer and Martin (1972).
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Table 2. Pre-cascade and post-cascade summer budgets of the prey pools of carbon (umol C17),
potentially available to copepod omnivores and other consumers in a planktonic biomass pyramid,
over the 5-m isobath of the inner central West Florida shelf between 1948-1973 and 2001-2002.

1948-1973 2001-2002
Primary producers:
Mircoflagellates 0.2 0.2*
Diatoms 3.33 8.8+°
Other dinoflagellates 75.8° -
HABs 12.5 125.0
Total: 91.8 135.0
Ciliate omnivores 66.7 5.5’
Tuinicate omnivores 0.1 2.3°
Meroplankton larval herbivores 7.7 129.0°
Total:  74.5 136.8
Copepod Omnivores 18.3 1.1°
Larval fish predators 0.0012'"° 0.0001
Chaetoganth predators 0.4000'"-" 0.0140
Medusa predators 0.4420" 0.0167"
Total: 0.8432 0.0308

!(Walsh and Steidinger, 2001); 2(Heil et al., 2004); 3(Saunders and Glenn, 1969); (Bledsoe and Phlips, 2000);

3(Jurado et al., 2007); 5(Steidinger and Williams, 1970); (Lynn et al., 1991); 8(Hopkins, 1977); °(Badylak and

Phlips, 2008); '°(Houde and Chitty, 1976); !(Pierce, 1951); '?(Reeve, 1964); '*(Mulkana and Mcllwain, 1973);
4(Burke, 1975); '3(Graham, 2002).
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Table 3. Boundary conditions of zooplankton (umol C I'') at the 5-m and 45-m isobaths during 1965-
1966.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Temora

5-m 0.26 0.19 0.13 0.26 0.58 0.28 0.27 0.13 0.14 0.28 0.65 0.48
45-m 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Centropages

5-m 0.70 0.50 0.30 0.70 1.50 0.80 0.70 0.50 0.40 0.80 1.70 1.30
45-m 0.20 0.10 0.10 0.20 0.40 0.20 0.20 0.10 0.10 0.20 0.40 0.30
Oikopleura

5-m 0.03 0.02 0.02 0.03 0.07 0.04 0.03 0.02 0.02 0.04 0.08 0.06
45-m 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Strobilidium

5-m 26.70 2.30 20.23 6.70 14.50 2.30 66.70 6.70 24.40 4.40 6.70 24.40
45-m 240 2.00 2.40 430 190 090 1.00 0.40 2.70 1.50 0.60 0.70
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Table 4. Boundary conditions of zooplankton (umol C 1) at the 5-m and 45-m isobaths during
2001-2002.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Temora

5-m 0.02 0.02 0.02 0.01 0.02 0.03 0.05 0.06 0.10 0.02 0.03 0.05
45-m 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Centropages

5-m 0.01 0.01 0.01 0.01 0.03 0.08 0.06 0.03 0.04 0.05 0.06 0.01
45-m 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.02
Oikopleura

5-m 0.03 0.04 0.02 0.01 0.06 0.08 0.05 0.02 0.12 0.12 0.04 0.04
45-m 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Strobilidium

5-m 2.67 023 223 0.67 145 0.23 694 0.67 244 0.44 0.67 244
45-m 0.24 0.20 024 043 0.19 0.09 0.10 0.04 0.27 0.15 0.06 0.07
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Table 5. Boundary conditions of zooplankton (umol C 1) at the 5-m and 45-m isobaths during
2010-2011.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Temora

5-m 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
45-m 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Centropages

5-m 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
45-m 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.05 0.03 0.02 0.01 0.02
Oikopleura

5-m 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
45-m 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Strobilidium

5-m 2.67 023 223 0.67 1.45 023 694 0.67 244 044 0.67 2.44
45-m 0.24 0.20 024 043 0.19 0.09 0.10 0.04 0.27 0.15 0.06 0.07
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Table 6. Computed seasonal plankton maxima (umol C I'') on the 20-m isobath over the last 46
years (1965-2011) of fishing and oil spill perturbations of the West Florida shelf.

1965 1966 2001 2002 2010 2011
Diazotroph-based food chain

Trichodesmium [1 August] 17.00 14.00 20.00 27.00 7.00 14.00
Karenia [1 October] 91.00 90.00 177.00 77.00 8&8.00 100.00

Diatom-based food chain

Skeletonema [1 April] 030 030 080 0.70 0.70  0.70
Temora [1 May] 048 046 002 0.02 0.01 0.02
Rhizosolenia [1 September] 430 0.50 1.60  0.60 1.10 270
Centropages [1 November] 0.60 0.55 0.06 0.06 0.01 0.01

Flagellate-based food chain

Sum of Synechococcus +

Paraphysomonas [1 June] 134  1.34 1.30 1.45 1.31  1.39
Oikopleura [1 June] 0.12 0.11 0.14  0.08 0.02 0.02
Strobilidium [1 July] 5.00 19.00 2.00 2.20 1.30  2.20
Dinoflagellate shunt

Cochlodinium [1 January] 0.30 0.20 0.20 3.50 0.10 4.00
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List of figure legends

Figure 1. Locations of decadal validation data of a 2-D numerical model along the cross-shelf
section off Sarasota, Florida during 1965-2011, in relation to both prior ship-board observations
obtained during: 1965-1967 [HOURGLASS stations over the same ECOHAB sampling grid];
1998 [Mote sections]; 1998-2000 [NEGOM surveys]; 1998-2001 [ECOHAB cruises]; 1999-
2000 [RSMAS/AOMLY], and the Deepwater Horizon (DWH) oil spill in 2010. Additional data
were obtained during repeated C-IMAGE samplings during 2010-2011 near the Panama City

cross-shelf survey in 2000.

Figure 2. Nutrient depth profiles of (A) phosphate, (B) nitrate, (C) ammonium, and (D) silicate at
the shelf-break off Panama City, Florida, during NEGOM observations in August 2000,
compared to those of more recent C-IMAGE stations DSHO8, DSH09, and DSH10, occupied in
the same WEFS region during August 2010.

Figure 3. A time series of the observed mean weekly surface abundances (cells 1) of Karenia
brevis during 1957-2011 along the 5-m isobath between Cedar Key and Naples, FL, with gray
panels of the time periods of the three model scenarios of A) pre-cascade in 1965-1966, B)
cascade in 2001-2002, and C) post Deepwater Horizon oil spills in 2010-2011.

Figure 4. The daily simulated surface concentrations on the 20-m isobath of nitrate and
ammonium during A) 1965-1966, B) 2001-2002, and C) 2010-2011, under a scenario of fast
nitrification rates of oxidation of simulated ammonium stocks, in relation to observed pools of

dissolved nitrogen during intense upwellings in B) 1998 vs. 1999 and C) 2010 vs. 2011.

Figure 5. Simulated surface biomasses of nitrogen-fixers Trichodesmium and harmful algal
blooms Karenia brevis on the 20-m isobath during 2001-2002. Open circles are FWRI

observations.

Figure 6. The simulated standing stocks on the WFS 20-m isobath of large diatoms Rhizosolenia
spp. [panels A, C, E] in relation to validation data (open circles) between 1965-1967 (Saunders
and Glenn, 1969) and (open triangles) during 1999-2002 (Jurado et al., 2007). Similarly, model
results for computed stocks of small diatoms Skeletonema costatum [panels B, D, F] are

compared with other observations (open circles) in 1965-1967 (Saunders and Glenn, 1969).
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Figure 7. The daily simulated surface distributions of the relatively non-toxic dinoflagellate
Cochlodinium polykrikoides above the 20-m isobath of the WFS during A) 1965-1966, B) 2001-
2002, and C) 2010-2011 in relation to FWRI observations on the shelf and within estuarine

waters that year (O).

Figure 8. The daily simulated sum of surface ammonifying and nitrifying bacteria populations
above the 20-m isobath of the WFS during A) 1965-66, B) 2001-02, and C) 2010-11 in relation

to available (Jones et al., 2010) observations (O).

Figure 9. The daily simulated surface distributions of the tunicate herbivore Oikopleura (A, C, E)
and ciliate omnivore Strobilidiium (B, D, F) above the 20-m isobath of the WES during A - B)
1965-66, C - D) 2001-02, and E - F) 2010-11 in relation to available (FWRI; Lester et al., 2008;
Walsh et al., 2015) observations (O). Note scale change in panel B.

Figure 10. The daily simulated surface distributions of the copepods Temora (A, C, E) and
Centropages (B, D, F) above the 20-m isobath of the WFS during A - B) 1965-66, C - D) 2001-
02, and E - F) 2010-11 in relation to validation (FWRI; Lester et al., 2008; Walsh et al., 2015)
data (O). Note scale changes.
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