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INTRODUCTION

In many estuaries, phytoplankton are the largest
contributors to primary production and therefore
play a central role in ecosystem structure and func-
tion (Boynton et al. 1982, Day et al. 1989). The ability
to measure rates of phytoplankton production is
therefore of great importance, but the methods used
to make such determinations can be complicated,
expensive, and inconsistent (Ryther 1956b, Ryther &
Yentsch 1957, Tilzer 1989, Sand-Jensen 1997, Cloern
et al. 2014). These challenges have led to the devel-
opment of model relationships that estimate primary
productivity using more easily determined and

broadly measured parameters, such as light flux,
photic depth, and phytoplankton biomass (most often
expressed in terms of chlorophyll a [chl a]). The util-
ity of light availability and chl a in modeling phyto-
plankton productivity was recognized by the mid-
twentieth century (Ryther 1956b, Ryther & Yentsch
1957). Cole & Cloern (1987) combined these princi-
ples in the form of a simple empirically-based model
(Boyer et al. 1993, Brush & Brawley 2009) for pre -
dicting daily phytoplankton productivity, i.e. BZpI0,
where B is phytoplankton biomass in terms of chl a,
Zp is photic depth, and I0 is total daytime surface irra-
diance. The BZpI0 relationship was compared to field
measurements of phytoplankton productivity for sev-
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eral estuaries, including San Francisco Bay in Cali-
fornia, Puget Sound in Washington, Hudson River
plume in New York, Delaware Bay in Delaware, and
the Neuse and South Rivers in North Carolina (Cole
& Cloern 1987). A strong linear relationship (r2 =
0.82) was obtained between experimentally deter-
mined rates and modeled values (N = 211) of primary
productivity (Cole & Cloern 1987). The model has
since been applied to a number of other estuaries
worldwide (Keller 1988, Mallin et al. 1991, Boyer et
al. 1993, Kelly & Doering 1997, Goebel et al. 2006,
Murrell et al. 2007, Bouman et al. 2010), reaffirming
the adaptability of the model to a range of ecosystem
types. However, except for the study in Escambia
Bay (Murrell et al. 2007), which lies at 30° N latitude
in a warm-temperate/subtropical region of northwest
Florida, previous model applications have been pri-
marily conducted in temperate estuaries located at
latitudes between 30 and 60° N (Cloern et al. 2014).

This paper describes the first field test of the Cole &
Cloern (1987) model in a low latitude subtropical sys-
tem, the Caloosahatchee Estuary, located at 26° N
latitude on the southwest coast of Florida. The Caloo -
sahatchee Estuary differs from Escambia Bay by
 having water temperatures that typically do not fall
below 20°C in comparison to lows of 10°C in Escam-
bia Bay (Murrell et al. 2007). Furthermore, the sea-
sonal pattern of rainfall and river flow in Escambia
Bay is more typical of temperate ecosystems of the
southeastern United States mainland, with a winter/
spring wet season (Murrell et al. 2007). The Caloosa-
hatchee Estuary has the opposite rainfall pattern,
which is more characteristic of tropical systems,
resulting in river discharge peaks in the late spring
through the early fall. As a result, the wet season in
the Caloosahatchee Estuary coincides with high solar
insolation and warm water temperatures, creating
physical conditions favorable for phytoplankton
blooms. This potential for phytoplankton production
in the Caloosahatchee Estuary is further accentuated
by the system’s shallow bathymetry and microtidal
range.

Another important distinguishing feature of the
Caloosahatchee Estuary is the extensive human
alteration of the ecosystem that has occurred since
the late 1800s, prominently its connection to the large
eutrophic Lake Okeechobee via a canal system
(Doering et al. 2006). The changes to the physical
shape and hydrology of the system have accentuated
salinity fluctuations, increased nutrient loading, ele-
vated dissolved color levels, increased sediment dep-
osition, and increased the potential for both autoch-
thonous and allochthonous harmful algal blooms

(Chamberlain & Doering 1998, Barnes 2005, Knight
& Steele 2005, SFWMD 2009, RECOVER 2011).
The responses of the phytoplankton community to
changes in water quality, particularly as they relate
to primary productivity and the formation and accu-
mulation of harmful algal blooms, have become the
focus of growing management concerns in the
Caloosahatchee (McPherson & Miller 1990, Doering
et al. 2006, Brand & Compton 2007, Perry 2008).

To better understand the spatial and temporal
 patterns of algal bloom formation and accumulation
in the Caloosahatchee Estuary and other estuarine−
coastal ecosystems around the world, expansive and
repeated estimates of phytoplankton productivity are
needed, yet they are limited in their availability, par-
ticularly in subtropical and tropical locations (Jassby
et al. 2002, Cloern & Jassby 2010, Zingone et al. 2010,
Cloern et al. 2014). The BZpI0 model (Cole & Cloern
1987) represents just one approach that could help
fill this gap by providing robust estimates of phyto-
plankton productivity across various sites and years
from more readily available parameters. However,
the ability to model phytoplankton productivity in
a system as unique, complex, and dynamic as the
Caloosahatchee Estuary was questioned.

Thus, the purpose of this study was to test the
applicability of the BZpI0 productivity model in the
Caloosahatchee Estuary using field measurements of
phytoplankton productivity made in a manner similar
to those described by Cole & Cloern (1987). Several
modifications of the original method were explored,
including the use of O2 evolution instead of 14C
uptake to measure productivity, and the application
of alternative approaches to determine Zp. Devia-
tions of measured productivity values from model
formulations were evaluated in terms of spatial and
temporal variations in freshwater inflow (i.e. rainfall
and river flow), water quality (i.e. salinity, light, nutri-
ents, etc.), and phytoplankton community structure
(i.e. abundance and composition). The best fit BZpI0

model for the Caloosahatchee Estuary was used to
estimate annual phytoplankton productivity, thereby
allowing for comparisons with other systems around
the world.

MATERIALS AND METHODS

Study area

The Caloosahatchee Estuary (26.6° N, 81.9° W) cov-
ers an area of 62 km2 on the southwest coast of
Florida. It is part of the larger Charlotte Harbor
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National Estuary (SFWMD 2009) (Fig. 1). The Caloo -
sahatchee Estuary empties into and exchanges water
tidally with the Gulf of Mexico through San Carlos
Bay and Charlotte Harbor at Shell Point (Fig. 2).
Approximately 42 km upstream, the estuary is fed
primarily by the Caloosahatchee River through the
Franklin Lock and Dam (S-79) (Fig. 2). The width of
the estuary is irregular, ranging from 160 m near S-
79 to 2500 m in San Carlos Bay (Scarlatos 1988). The
narrow section from S-79 to Beautiful Island
has an average depth of 6 m, but the area
downstream of Beautiful Island has an aver-
age depth of 1.5 m (Scarlatos 1988). A narrow
navigation channel (part of the Intracoastal
Waterway) is maintained at a depth of ap -
proximately 3.5 m (Scarlatos 1988). The area
experiences a combination of diurnal and
mixed semi-diurnal tides with a mean tidal
range of 0.30 m in the middle of the estuary
near downtown Fort Myers (Scarlatos 1988,
NOAA 2010).

Freshwater is released into the estuary
through S-79 in order to maintain prescribed
water levels in Lake Okeechobee, control
flooding, and flush algal blooms and salt
water out of the river (Flaig & Capece 1998,
Doering & Chamberlain 1999). In an average
year, enough freshwater flows from S-79 to fill
the entire volume of the estuary over 8 times
(Doering & Chamberlain 1999). The majority

of the flow through S-79 is composed of rain-
fall runoff from the 3625 km2 watershed,
which is made up of agricultural areas in the
east and urban areas in the west (Knight &
Steele 2005). Additional sources of fresh-
water entering the estuary downstream of S-
79, including the Orange River near Beauti-
ful Island (Fig. 2), are considered to be minor
in comparison to S-79 (Scarlatos 1988, Flaig
& Capece 1998, Knight & Steele 2005).

Water sampling

A total of 4 sampling sites were included in
this study (Fig. 2): Site UE, in the Upper Estu-
ary near Beautiful Island, Site ME, in the Mid-
dle Estuary near downtown Fort Myers, Site
LE, in the Lower Estuary near Iona Shores,
and Site BY, in San Carlos Bay near Pic nic Is-
land. The 4 sites were located just outside the
main navigation channel. Depths at the sam-
pling sites were between 2 and 3 m.

The sites were sampled once a month from Febru-
ary 2009 to February 2010 (excluding March 2009).
For the first 6 monthly sampling events, water was
collected from each site on 4 different but consecu-
tive days, within 1 h before sunrise to provide water
for primary productivity experiments. Water was also
collected from each site during the afternoon prior
and the afternoon following the pre-dawn collections
so that water quality conditions during the primary

Fig. 1. Caloosahatchee Estuary, FL, showing the connection to Lake
Okeechobee via the Caloosahatchee River (C-43 Canal) and to the 

Gulf of Mexico and Charlotte Harbor via San Carlos Bay

Fig. 2. Location of the 4 sampling sites in the upper estuary (UE), 
middle estuary (ME), lower estuary (LE), and San Carlos Bay (BY)
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productivity experiments could be adjusted. During
the second 6 mo of the study period, water was col-
lected from each site in the morning on the same day.
All water samples were collected with a 3 m verti-
cally integrating pole sampler to collect a mixed sam-
ple of water from the entire water column (Wetzel &
Likens 1991). From each collection, sample water
was retained, stored, and preserved for chemical and
phytoplankton analyses.

Field measurements

Water temperature, salinity, and dissolved oxygen
(DO) profiles were measured during each sampling
event at 0.5 m intervals from the surface to the bottom
of the water column using a HQ40D meter (HACH).
Light readings were taken simultaneously with paired
LI-190 reference (deck) and LI-192 downwelling (2π)
LI-COR quantum cosine corrected photosynthetically
active radiation (PAR) sensors above the surface (inci-
dent irradiance) and at 0.5 m intervals to the bottom,
respectively. For the pre-dawn sampling events, in
situ light readings could not be obtained due to the
lack of sunlight at those hours, so light attenuation
was estimated from measurements taken during the
afternoon before and the afternoon following the pri-
mary productivity experiments.

Light attenuation coefficients (KT) for the afternoon
sampling events were calculated with the Beer-Lam-
bert relationship and taken as an average of the 2
coefficients obtained from inputting the downwelling
irradiances at depths of 0.5 to 1.5 m and 1.0 to 2.0 m,
respectively. In cases where an average light attenu-
ation coefficient could not be determined in this
manner, KT was calculated with the same relation-
ship using the incident irradiance corrected for 5%
surface reflection (Ryther 1956a) and the down-
welling irradiance at 1.0 m depth. For the pre-dawn
sampling events, estimates of KT were obtained by
correcting the more representative afternoon light
attenuation coefficient for differences in water qual-
ity conditions. Thus, the value of KT used to represent
light availability in the water column during the pri-
mary productivity experiments (Table 1) was derived
by applying correction factors for differences in chl a
(0.03; Wolfsy 1983), color dissolved organic matter
(0.015; McPherson & Miller 1987), and turbidity
(0.1152; determined from the relationship between
turbidity and tripton during the study period). Zp, one
of the 3 main variables in the Cole & Cloern (1987)
model, was defined as the depth of 1% incident irra-
diance, and calculated as 4.61KT

−1 (Table 1).

Meteorological and hydrological data

A separate LI-COR LI-190 reference (deck) cosine
corrected quantum sensor, with LI-1000 data logger,
was used to determine the total PAR light flux over
the incubation period of the primary productivity
experiments (February through August 2009, ex -
cluding March). To test the Cole & Cloern (1987)
model, I0 was estimated by multiplying the total PAR
light flux during the half-day incubations (dawn to
mid-light day) by 2 to represent a full light day
(Table 1). To obtain productivity estimates from the
BZpI0 model adapted to the Caloosahatchee Estuary
for the entire annual study period (February 2009
through February 2010, excluding March 2009), PAR
values recorded at 3 stations in Lee, Collier, and
Hendry Counties (Fig. 1) were compiled from the
South Florida Water Management District’s online
environmental database (SFWMD 2010). Instanta-
neous readings at 15 min intervals were converted
into mol photons m−2 d−1 and summed across the day-
light period to provide estimates of total daytime PAR
light flux. The maximum values of total daytime PAR
light flux across the tri-county area were used to esti-
mate monthly maximum I0 (Table 1).

Daily rainfall and flow values recorded at S-79
(Fig. 2) were obtained from the South Florida Water
Management District’s online environmental data-
base (SFWMD 2010).

Chemical analyses

Chemical analyses were conducted by the Dr. Ed-
ward J. Phlips Laboratory at the University of Florida
using methods certified by the National  En viron  mental
Laboratory Accreditation Program (NELAP). Aliquots
of whole (unfiltered) and filtered sample water (inte-
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Variable Definition                       Units

B             Phytoplankton biomass as chl a    mg chl a m−3

              concentration

BV          Total phytoplankton biovolume    106 µm3 ml−1

              concentration

KT           Light attenuation coefficient          m−1

I0             Total daytime surface irradiance   mol m−2 d−1

              (PAR light flux)

GPPd      Daily gross primary productivity   mg C m−2 d−1

NPPd      Daily net primary productivity       mg C m−2 d−1

Zp           Photic depth                                     m

Zw           Water depth                                     m

Table 1. Definitions of variables and their units of measure
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grated over the water column) were retained, trans-
ported on ice, and stored frozen until subsequent
chemical analysis. Integrated whole water was used
in the determination of chl a, total nitrogen (TN), total
phosphorus (TP), silica (SI), and turbidity (TURB).
TURB was measured immediately from integrated
whole water that had not been frozen with a 2020
 turbidity meter (LaMotte) against 2 (1 and 10 nephelo-
metric turbidity units [ntu]) reference standards
(APHA 2005). Integrated samples for ammonia (NH3),
nitrite (NO2), nitrate (NO3), soluble reactive phospho-
rus (SRP), and color dissolved organic matter (CDOM)
were first filtered in triplicate in the field using 0.7 µm
glass-fiber filters.

Filters were stored frozen and in the dark until
spectrophotometric analysis using a U2810 (Hitachi)
for chl a following hot ethanol extraction of pigments
(Sartory & Grobbelaar 1984, APHA 2005). Both
uncorrected and pheophytin-corrected concentra-
tions were determined. Average chl a concentrations,
based on triplicate samples, were used in the phyto-
plankton productivity model (Cole & Cloern 1987) as
the phytoplankton biomass parameter, B (Table 1).

Samples for TN and TP analyses were digested
using the persulfate oxidation method (APHA 2005)
and measured colorimetrically on an AA3 auto-ana-
lyzer (Bran-Luebbe) and a U2810 dual-beam spec-
trophotometer (Hitachi), respectively. SI concentra-
tions were determined spectrophotometrically by the
molybdosilicate method with a correction for turbid-
ity (APHA 2005). NH3 and NO3 were first converted
into NO2 using an oxidation reaction with hypo -
chlorite in an alkaline medium (NH3) and a copper-
ized cadmium reductor (NO3). The 3 forms were then
measured colorimetrically on the auto-analyzer
(Strickland & Parsons 1972, APHA 2005). Dissolved
inorganic nitrogen (DIN) was defined as the sum of
NH3, NO2, and NO3. SRP concentrations were deter-
mined spectrophotometrically with the ascorbic acid
method (APHA 2005). CDOM values were measured
against platinum-cobalt color standards on the spec-
trophotometer (APHA 2005).

Phytoplankton analyses

Integrated whole water samples were preserved
on-site with Lugol’s solution (APHA 2005) and ana-
lyzed microscopically for phytoplankton abundance
and species composition. General phytoplankton
abundance and composition was determined using
the Utermohl method (Utermohl 1958) as described
in Badylak et al. (2014). Picocyanobacteria abun-

dances were determined using fluorescence micro -
scopy of unpreserved samples (Fahnenstiel & Carrick
1992). Count data was converted to phytoplankton
biovolume (BV) (Table 1), using the closest geometric
shape method (Smayda 1978).

Phytoplankton carbon values (as µg C ml−1) were
estimated by applying conversion factors for differ-
ent taxonomic groups to biovolume estimates (ex -
pressed as 106 µm3 ml−1): i.e. 0.065 × biovolume of
diatoms, 0.22 × biovolume for cyanobacteria, and
0.16 × biovolume for dinoflagellates or other taxa
(Strathmann 1967, Ahlgren 1983, Sicko-Goad et al.
1984, Verity et al. 1992, Work et al. 2005).

Primary productivity experiments

Primary productivity experiments were conducted
monthly during the first half of the study period (Feb-
ruary to August 2009, excluding March). Primary
productivity was indirectly determined from changes
in DO concentrations over half-light day (approxi-
mately 6 h, depending on the month) incubations
from dawn to mid-light day using a simulated in situ
light:dark bottle method (Wetzel & Likens 1991, Cole
& Cloern 1987). Half-light day incubations were used
to minimize phytoplankton biomass accumulation
(due to the estuary being nutrient-rich) and losses
(due to grazing) within the sealed flasks (Cloern et al.
2014). The O2 evolution method was selected over
the 14C uptake method used by Cole & Cloern (1987)
so that estimates of both gross and net primary pro-
ductivity (GPP and NPP, respectively) could be
obtained. The O2 evolution method has been com-
monly used in shallow systems (Brawley et al. 2003).

Incubations were conducted in a black, gel-coated
(polyester resin) fiberglass raceway (2.44 m long by
0.61 m wide by 0.1 m deep) that was placed on shore
near each respective site. Clear polystyrene flasks
were filled with approximately 300 ml of the morning
integrated water sample that was not pre-screened
for bacteria or zooplankton due to the potential for
altering the phytoplankton community in the process
(Strickland 1960, Wetzel & Likens 1991). Flasks were
incubated in triplicate at a minimum of 6 and a max-
imum of 8 light treatments, emulating the specific
light transmittance−depth profile for the water col-
umn from the surface to the bottom (~3 m depth) at
0.5 m intervals. No more than 8 light treatment
groups were used due to the shallow nature of the
system (Cloern et al. 2014). One group of triplicate
flasks was always designated the dark treatment (0%
light transmittance) in which the triplicate flasks
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were wrapped in black tape and aluminum foil prior
to filling. A second group of triplicate flasks always
received full sunlight (100% light transmittance),
representing light conditions at the surface of the
water column. The remaining 4 to 6 groups of tripli-
cate flasks (the specific number being dependent on
the depth of the water column being simulated)
received a light treatment level (between 0 and
100% transmittance) that closely matched the in situ
light extinction measurements at a specific depth
interval at a particular site in a given month. These
custom light levels at each 0.5 m depth interval were
simulated using neutral density Plexiglas panels that
were tinted to allow approximately 75, 50, 35, 30, 20,
15, and 5% light transmittance (Custom Glass Tint-
ing). Twenty-eight additional light transmittance lev-
els were created to better match in situ conditions by
stacking 2 panels together (e.g. a 75% panel stacked
with a 15% panel was used to create an ~11% light
transmittance treatment). Flasks were surrounded by
a constant flow of water from the estuary that was
pumped through the raceway to maintain tempera-
tures at in situ levels.

DO concentrations in the flasks were measured at
the beginning and end of the incubation period using
a HACH HQ40D meter with a luminescent biological
oxygen demand (LBOD) electrode. GPP for each
treatment group was calculated from the oxygen
fluxes in the dark and light flasks. GPP obtained from
the half-light day (dawn to mid-light day) incubation
periods were multiplied by 2 to represent full light-
day rates. A molar mass ratio of 0.375 (g per mol C to
g per mol of O2) and the standard (average) photo-
synthetic quotient (mol O2 liberated to mol CO2

assimilated during photosynthesis) of 1.2 were
applied to convert rates into units of carbon fixation
(Strickland 1960, Wetzel & Likens 1991). Alternative
photosynthetic quotients in the range of 1.0 to 1.8
(Ryther 1956b, Strickland 1960, Howarth & Michaels
2000) were not investigated since species composi-
tion, nitrogen nutrition, and other sources of photo-
synthetic quotient variation were expected to fluctu-
ate in this system (Smith et al. 2012).

GPP values from each triplicate group were aver-
aged to represent the total amount of carbon fixed at
each corresponding light treatment level. The per-
cent light transmittance received by each treatment
group was then related back to a depth in the water
column at each site using the Beer-Lambert relation-
ship. The averaged GPP values were plotted against
the calculated incubation depths to produce a non-
linear curve of photosynthetic activity per unit vol-
ume of water at each site. The non-linear curves

were integrated over the water column (down to
water depth, Zw) using the cut and weigh method
(Pietrzyk 1980) to yield daily gross primary produc-
tivity (GPPd) in mg C m−2 d−1 for each site and exper-
imental month (Table 1).

NPP from each site and experimental month was
also calculated for model comparison purposes by
adjusting GPPd for respiratory activity. Average res-
piratory activity in the triplicate dark flasks during
the half-light day incubation periods was converted
into full light-day rates as was done for GPP except
the standard (average) respiratory quotient (ratio of
mol CO2 liberated to mol O2 consumed during respi-
ration) of 1.0 was used (Strickland 1960, Wetzel &
Likens 1991). A standard respiratory quotient was
also used to represent the ‘average’ ratio between
carbon production and oxygen consumption despite
factors causing underlying variation in the ratio
(Strickland 1960). The resulting respiratory rates
were integrated over the respective water column
depths and subtracted from the corresponding GPPd

values to yield daily net primary productivity (NPPd)
in mg C m−2 d−1 for each site and experimental month
(Table 1). The NPPd estimates obtained from this
approach could be argued as more representative of
net community productivity (NCP) since the respira-
tory activity of both bacteria and zooplankton was
incorporated in the oxygen fluxes observed in the
dark flasks. However, net productivity was still
defined as NPPd with the assumption that respiratory
activity was less than 10% of total productivity in the
flasks, and due to the fact that there was no practical
method for separating phytoplankton respiration
from respiration by non-photosynthetic plankton
(Ryther 1956a, Howarth & Michaels 2000).

Primary productivity model test

GPPd values obtained from the simulated in situ
incubations (N = 24) were regressed against the
modeled values using the formula BZpI0 (Cole & Clo-
ern 1987). The model was also tested using NPPd ob -
tained for each site and experimental month to deter-
mine if using gross vs. net rates affected the overall
relationship. The February 2009 data point from site
BY was removed from the net productivity model test
(N = 23) because it yielded an unexplainable nega-
tive NPPd value. Both the GPPd and NPPd models
were tested with and without a correction for Zp

based on corresponding water column depths to de -
termine if this relationship affected the potential for
phytoplankton productivity and, thus, the strength of
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the model. In cases where Zp exceeded Zw, the
value of Zp was cut off and made equal to Zw so
that the model estimated phytoplankton produc-
tivity based on the actual volume of water pres-
ent and the quantity of light truly available.
Lastly, each of these 4 model scenarios (i.e. com-
bination of 2 different productivity methods and
2 different photic depth approaches) were
tested using chl a concentrations that were
either uncorrected or corrected for pheophytin
to determine if pigment degradation products
affected the overall relationship.

Model parameters were determined with
least-squares regression analysis in SAS v.9.2
(SAS Institute 2009). A p-value of 0.05 was used
to determine the significance of model parame-
ters, and r2 correlation coefficients of determina-
tion were used to evaluate model strengths. The
best fit BZpI0 model for the Caloosahatchee
Estuary was selected not only for its statistical
significance and strength, but also for being the
simplest, most practical approach to predicting
phytoplankton productivity using measure-
ments of biomass and light availability that are
routinely collected (Cole & Cloern 1987).

Primary productivity model application

The best fit BZpI0 model adapted to the Caloo -
sahatchee Estuary was used to estimate phyto-
plankton productivity for the year-long study
period (February 2009 to February 2010, exclud-
ing March 2009). The independent composite
parameter (i.e. BZpI0) was calculated for each
month from in situ field measurements of B and
Zp from monthly sampling events and monthly
maximum values of I0 for the area.

RESULTS

Physical−chemical conditions

Daily rainfall and flow at the Franklin Lock and
Dam (S-79) exhibited similar seasonal patterns during
the study period (Fig. 3). Rainfall and flow were high-
est from the second half of May through the begin-
ning of October 2009, corresponding to the normal
wet period for this area (Scarlatos 1988, Chen & Ger-
ber 1990, Stoker 1992, Chamberlain & Doering 1998).

Salinity ranged from near 0 to approximately
35 psu across the 4 sites over the study period (Fig. 4).

Site BY had the highest and least variable salinities.
Salinity decreased with distance from the mouth of
the estuary. Salinities at the estuary sites were low
from June through October. The largest differences
between surface and bottom salinity were observed
at the UE and ME sites in June 2009 and at the LE
site in September and October 2009.

Water temperatures showed little variation be -
tween sites and were uniform throughout the water
column. Water temperatures were near or above
25°C from May through November. Water tempera-
tures in January and February 2010 were exception-
ally low due to record cold air temperatures from
January to March 2010 (NCDC 2010).

Light penetration through the water column, ex -
pressed as vertical KT, varied by site and season dur-
ing the study period with peaks during the wet sea-
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Fig. 3. Daily rainfall (cm) and flow (m3 s−1) from February 2009 to
February 2010 at the Franklin Lock and Dam (S-79), FL, which
serves as the head of the Caloosahatchee Estuary and the pre-

dominant source of freshwater

Fig. 4. Surface and bottom salinities (psu) at each of the 4 sites in
the Caloosahatchee Estuary, FL from February 2009 to February 

2010 (excluding March 2009). See Fig. 2 for site abbreviations



Mar Ecol Prog Ser 531: 63–80, 2015

son (Fig. 5). CDOM in the water column followed the
same general pattern as KT, reflecting high attenua-
tion of light by CDOM during the wet season related
to freshwater discharge from the watershed (Fig. 5).
TURB was variable but generally low (<6 NTU) over
the study period (Fig. 5). Chl a values were highest at
the estuary sites from February through July (Fig. 5).

Concentrations of TP, SRP, TN, DIN, and SI were
generally higher in the wet period than the dry
period (Figs. 6 & 7), coinciding with increased fresh-
water inflows from the watershed. Spatially, the
peaks in nutrient concentrations appeared first and
most prominently at Sites UE and ME in the inner
estuary. Substantial increases in concentrations were
also observed at Site LE, and to a lesser extent at
Site BY, but a month or more later. Seasonal patterns
were less apparent at Site BY, which is furthest from
the headwaters of the estuary and most strongly
influenced by tidal water exchange.

Phytoplankton abundance and composition

Major peaks in total BV concentration were gener-
ally associated with dinoflagellates at Sites UE and
ME but with diatoms at Sites LE and BY (Fig. 8). At
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Fig. 5. Estimates of (A) light attenuation coefficients (KT) and
corresponding concentrations of (B) color dissolved organic
matter (CDOM) and (C) turbidity (TURB), and (D) uncor-
rected chlorophyll a (chl a) at each of the 4 sites in
the Caloosahatchee Estuary, FL, from February 2009 to 
February 2010 (excluding March 2009). See Fig. 2 for site 
abbreviations. pcu: platinum cobalt units; ntu: nephelometric 

turbidity units

Fig. 6. Concentrations of (A) total phosphorus (TP), (B) total
nitrogen (TN), and (C) silica (SI) at each of the 4 sites in
the Caloosahatchee Estuary, FL from February 2009 to 
February 2010 (excluding March 2009). See Fig. 2 for site 

abbreviations

Fig. 7. Concentrations of (A) dissolved inorganic nitrogen
(DIN) and (B) soluble reactive phosphorus (SRP) at each of
the 4 sites in the Caloosahatchee Estuary, FL from February
2009 to February 2010 (excluding March 2009). See Fig. 2 

for site abbreviations
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Site UE, the dinoflagellate Akashiwo sanguinea con-
tributed between 65 and 95% of the total phyto-
plankton biovolume during the 5 main peaks in BV.
A. sanguinea contributed 95% of BV during the major
peak at Site ME in June 2009. The diatom Skele-
tonema cf. costatum was responsible for the January
2010 peak at Site ME. At Site LE, S. cf. costatum was
the dominant phytoplankton species during the BV
peak in July 2009, contributing up to 86% of the total
phytoplankton biovolume. S. cf. costatum was also
present at Site BY, but the relatively small BV peaks
in August and September 2009 were attributed to rel-
atively large centric diatoms (60 to 140 µm), i.e. Cos-
cinodiscus cf. and Rhizosolenia setigera, re spectively.
Cyanobacteria and ‘other’ phytoplankton, including
chlorophytes, euglenoids, cryptophytes, Chattonella
(raphidophytes), and small flagellates played a sig-
nificant but lesser role in terms of phytoplankton bio-
volume (Fig. 8).

Comparison of measured and modeled primary
productivity

GPPd measurements from the simulated in situ
experiments ranged from 90 to 3121 mg C m−2 d−1

(Table 2). The median measured productivity values
increased from Site BY to the inner estuary. Despite
the substantial range of productivity estimates ob -
served during the 6 mo experimental period, all sites
exhibited one or more dates when measured GPPd

exceeded 1500 mg C m−2 d−1 (Table 2).
A significant linear regression relationship was ob -

served between measured and modeled productivity
(Fig. 9). All variations of possible model scenarios
(using either GPPd or NPPd values, calculated or cor-
rected Zp values, and uncorrected or corrected chl a
concentrations for B) were also significant (Table 3).
In general, the model relationships were ‘strongest’
(i.e. having the largest r2 values) when (1) GPPd val-
ues were used instead of NPPd values, and (2) uncor-
rected chl a was used instead of corrected chl a as
an indicator of B (Table 3). The 2 ‘strongest’ model
 scenarios that used GPPd values for the productivity
term and uncorrected chl a concentrations for the B
term therefore differed in how Zp was derived.
Regardless of whether the Zp terms were corrected or
not, the r2 values were almost equal (0.85 and 0.84)
and the slopes were very similar (0.70 to 0.73). How-
ever, the use of corrected Zp values greatly increased
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Fig. 8. Total phytoplankton biovolume concentration (BV) of
dinoflagellates, diatoms, cyanobacteria, and other phyto-
plankton taxa at each of the 4 sites in the Caloosahatchee
Estuary, FL from February 2009 to February 2010 (excluding
March 2009) (after Badylak et al. 2014). See Fig. 2 for site 

abbreviations

                                          UE         ME         LE          BY

Measured GPPd                                                               
Minimum                         322       328       153       90
Median                             1040       679       576       188
Maximum                         2120       3121       2797       1587
Mean                                1108       1083       847       590

Modeled GPPd                                                                 
Minimum                         189       398       163       324
Median                             763       711       433       612
Maximum                         4318       4405       4061       1799
Mean                                1161       1096       800       735

Table 2. Measured and modeled daily primary productivity
(GPPd, in mg C m−2 d−1) from each of the 4 sites in the
Caloosahatchee Estuary, FL. Measured values were ob -
tained from 6 monthly simulated in situ incubation experi-
ments between February and August 2009 (excluding
March). Modeled values were obtained from 12 monthly
applications of the best fit BZpI0 model between February
2009 and February 2010 (excluding March 2009). UE: upper
estuary; ME: middle estuary; LE: lower estuary; BY: San 

Carlos Bay
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(by a factor of 3.4) the model intercept, shifting the
line further from the origin. Without the Zp correc-
tion, which was the approach presumably taken by
Cole & Cloern (1987), the model relationship based
on measured GPPd and uncorrected chl a concentra-
tions yielded an intercept not significantly different
from zero (p = 0.4849) (Fig. 9).

Based on this best fit model relationship (GPPd = 75
+ 0.73BZpI0), differences between measured and
modeled primary productivity values varied by site
and season (Fig. 10). In general, the residuals were
positive from February through May 2009 and nega-
tive in July and August 2009, which indicated that
the model over- and underestimated primary produc-
tivity during these respective time periods. June 2009
represented a transition month in which the model
produced significant over- and underestimates of pri-
mary productivity at different sites in the estuary.

The relationship between measured and modeled
productivity values was examined with respect to

the composition of the phytoplankton com-
munity. Ratios of measured GPPd (mg C m−2

d−1) was compared to phytoplankton bio-
mass in the form of carbon (mg C m−2) for 3
water samples dominated by dinoflagellates
(i.e. >95% of biomass was dinoflagellates)
and 3 water samples dominated by diatoms
(i.e. >95% of biomass was diatoms). The
dinoflagellate-dominated water samples
from Site UE in February 2009 and May
2009 and Site ME in June 2009 had ratios of
0.29, 0.18, and 0.31, respectively. By con-
trast, the diatom-dominated samples from
Site LE in July 2009 and Site BY in August
2009 and Sep tember 2009 had ratios of 0.94,
3.44, and 1.82, respectively.
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Fig. 9. Regression of daily gross primary productivity (GPPd)
against the composite parameter BZpI0 for 24 incubation
experiments, where B = phytoplankton biomass; Zp = photic
depth; I0 = total daytime surface irradiance. Uncorrected chl
a was used for B, and calculated Zp values were not cor-
rected for water column depths. GPPd = 75 + 0.73BZpI0 (solid
line); 95% CI of mean (dashed lines); r2 = 0.84; overall model
and slope were significant (p < 0.0001); intercept was not 

significant (p = 0.4849). See Fig. 2 for site abbreviations

Fig. 10. Estimated differences between modeled and measured pri-
mary productivity values for all 4 sites across 6 monthly incubation 

experiments. See Fig. 2 for site abbreviations

B                                       Zp                   Productivity               Slope                   Intercept                     r2                       p-value

Unc chl a                   Calculated                 GPPd                       0.73                         75                         0.84                     <0.0001
Unc chl a                   Calculated                 NPPd                       0.63                         102                         0.82                     <0.0001
Unc chl a                   Corrected                  GPPd                       0.70                       256*                      0.85                     <0.0001
Unc chl a                   Corrected                  NPPd                       0.59                       262*                      0.81                     <0.0001
Corr chl a                 Calculated                 GPPd                       0.76                         111                         0.80                     <0.0001
Corr chl a                 Calculated                 NPPd                       0.65                         132                         0.78                     <0.0001
Corr chl a                   Corrected                  GPPd                       0.75                       277*                      0.83                     <0.0001
Corr chl a                   Corrected                  NPPd                       0.63                       281*                      0.80                     <0.0001

Table 3. Tested model relationships based on phytoplankton biomass (B) in terms of chl a concentrations (uncorrected, unc, or
corrected, corr, for pheophytin), photic depth (Zp) calculated or corrected for water depth (Zw), and productivity (measured
gross or net daily rates). The NPPd models included one less data point (N = 23) than the GPPd models (N = 24) due to the neg-
ative net productivity value observed in February 2009 at Site BY, which was removed from the dataset since no explanation
could be given. Intercepts that were significantly different from zero at a 0.05 significance level are marked with an 

asterisk (*)
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Annualized primary productivity

After applying the best fit Caloosahatchee Estuary
model to the year-long data set of B, Zp, and I0 (Fig.
11), modeled productivity was between 163 and 4405
mg C m−2 d−1, which is a higher and wider range of
values compared to those obtained in the simulated
in situ experiments (Table 2). Under modeled condi-
tions, GPPd exceeded 1800 mg C m−2 d−1 at each site
at least once over the course of the year, which is a
higher mark of the system’s productivity potential
than was portrayed in the 6 monthly simulated in situ
experiments. The largest peaks in modeled GPPd

occurred at all 4 sites during the summer (June, July,
and August 2009) with additional peaks appearing in
the winter (February 2009, January 2010, and Febru-
ary 2010) at Sites UE and ME (Fig. 11). Over the
course of the year, peaks in modeled GPPd corre-
sponded to periods of increased water temperatures,

PAR light flux, freshwater inflow, and/or nutrient
loading.

Annualized rates of modeled GPPd yielded an aver-
age annual gross phytoplankton productivity esti-
mate (GPPy) of 346 g C m−2 yr−1 across all 4 sites in
the Caloosahatchee Estuary for the year-long study
period. Since estuarine and other ecosystem compar-
isons are commonly based on net productivity esti-
mates in literature, the alternative model relationship
NPPd = 102 + 0.63BZpI0 was also applied and yielded
an average annual net primary productivity estimate
(NPPy) of 312 g C m−2 yr−1, which accounts for the res-
piratory activity of the pelagic community. Spatially,
annualized mean GPPy increased from 268 g C m−2

yr−1 (245 g C m−2 yr−1 NPPy) at Site BY to 424 g C m−2

yr−1 (379 g C m−2 yr−1 NPPy) at Site UE (Table 4),
which followed the spatial trend in bioavailable and
total nutrient concentrations.

DISCUSSION

Modeling phytoplankton productivity

Our application of BZpI0 (Cole & Cloern 1987) to
the Caloosahatchee Estuary yielded a strong linear
relationship between simulated in situ measures of
productivity and modeled values, explaining 84% of
the variability in daily gross productivity. The rela-
tionship for the Caloosahatchee is one of the
strongest outcomes among the various efforts to
apply the model to estuaries in North America and
across the globe (Table 5). The model has been
applied in a variety of estuarine types, including
lagoons (South San Francisco Bay), fjords (Puget
Sound), and river-dominated systems (North San
Francisco Bay, Narragansett Bay, Neuse River Estu-
ary, Escambia Bay, and Tokyo Bay) (Table 5). While
most of the applications of the model have been in
temperate estuaries, the results of this study and an
earlier study in Escambia Bay, Florida (Murrell et al.
2007) indicate that the model is also applicable to
shallow, subtropical systems. This study further
demonstrates the model’s resilience in systems sub-
ject to large swings in freshwater inflows, salinity,
and nutrient concentrations, which characterize the
Caloosahatchee Estuary.

The current application of the model to the Caloo -
sahatchee Estuary was unique in using O2 evolution
to estimate both gross and net productivity instead of
14C uptake, which generally yields net productivity
values, particularly in the case of extended incuba-
tion periods (Peterson 1980, Wetzel & Likens 1991,
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Fig. 11. Model application for the Caloosahatchee Estuary,
FL based on annual variation in (A) total daytime surface
irradiance (I0 ), (B) photic depth (Zp), (C) phytoplankton bio-
mass (B) as uncorrected chl a, yielding (D) modeled daily
gross primary productivity (GPPd), at each of the 4 sites from
February 2009 to February 2010 (excluding March 2009). 

See Fig. 2 for site abbreviations
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Köhler 1998). Only one other study was identified as
using O2 evolution to model both gross and net pro-
ductivity (Goebel et al. 2006). The resulting model
relationships for Long Island Sound, New York, indi-
cated that 73% of the variance in GPP and NPP can
be explained by the composite parameter BZpI0, but

the slopes of the corresponding models varied by at
least 2-fold due to the authors’ estimate that phyto-
plankton respiration was consuming 50% of GPP
(Goebel et al. 2006). A comparison of models for the
Caloosahatchee Estuary based on gross and net pro-
ductivity showed no significant differences in

74

System Productivity (g C m−2 yr−1) Sampling location Reference

North San Francisco Bay, CA 95 Suisun Bay Cole & Cloern (1984)
110−130 San Pablo Bay

Fourleague Bay, LA 120 Upper Bay Randall & Day (1987)
317 Lower Bay

Narragansett Bay, RI 189 Dock Keller (1988)
308 Mid-Bay Furnas et al. (1976)

Hudson River Estuary, NY 200 Lower Bay Malone (1977)
370 Bight Malone (1976)

Mobile Bay, AL 242 Pennock et al. (1999)

Apalachicola Bay, FL 240 Pennock et al. (1999)
255 Mortazavi et al. (2000)

Escambia Bay, FL 291 Murrell et al. (2007)

Caloosahatchee Estuary, FL 245 San Carlos Bay This study
266 Lower Estuary
359 Middle Estuary
379 Upper Estuary

Neuse River Estuary, NC 343 Mallin et al. (1991)
456 Boyer et al. (1993)

Nueces River Estuary, TX 370 Pennock et al. (1999)

Delaware Bay, DE 190−400 Pennock & Sharp (1986)

Charlotte Harbor, FL 83−438 McPherson et al. (1990)

Tokyo Bay, Japan 370−580 Bouman et al. (2010)

Chesapeake Bay, MD 328 Rhode River Gallegos (2014)
337−782 Mid-Bay Boynton et al. (1982)

Table 4. Annual phytoplankton productivity estimates (system-wide ranges or site-specific means) of various river-dominated
estuaries. All estimates are assumed to be net primary productivity although not all investigators specified the methodology 

used. The year in the Reference column corresponds to date of the publication, not the date of the experiment

Location                                     N BZpI0 model                           r2                                           Reference

San Francisco Bay, CA 77 Pd = 3.8(BI0KT
−1) + 58                   0.82                           Cole & Cloern (1984)

= 0.82(BZpI0) + 58                    

San Francisco Bay, CA 211 Pd = 0.73(BZpI0) + 150                  0.82                           Cole & Cloern (1987)
Puget Sound, WA                                                  
Hudson River Plume, NY                                                  

Narragansett Bay, RI 1010 Pd = 0.70(BZpI0) + 220                  0.82                           Keller (1988)

Neuse River Estuary, NC 335 ln[(Pd) = 0.96(BZpI0) − 0.08]                0.66                           Boyer et al. (1993)

Massachusetts Bay, MA 12 Pd = 0.79(BZpI0) + 285                  0.66                           Kelly & Doering (1997)
Boston Harbor, MA                                                  

Escambia Bay, FL 22 Pd = 0.59(BZpI0) + 124                  0.77                           Murrell et al. (2007)

Tokyo Bay, Japan 72 Pd = 1.87(BI0KT
−1) + 72.7              0.52                           Bouman et al. (2010)

= 0.41(BZpI0) + 72.7                 

Caloosahatchee Estuary, FL 24 Pd = 0.73(BZpI0) + 75                    0.84                           This study

Table 5. Summary of significant applications of BZpI0 productivity models. The year in the Reference column corresponds to 
the date of the publication, not the date of the experiments. Pd: daily productivity; for further abbreviations see Table 1
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strength, although the slopes were slightly different.
Keller (1988) obtained results similar to those from
this study, i.e. similar significance levels with slightly
different slopes (0.63 and 0.70, respectively) when
NPP- and GPP-based models in Narragansett Bay,
Rhode Island were compared by adjusting 14C incu-
bation times to account for respiration. Cloern et al.
(2014) suggest that differences in gross versus net
productivity may result from biomass changes (i.e.
production and losses) in the bottles, which are
dependent on the length of the incubation period.
Shorter dawn to mid-day incubation periods (as
opposed to the dawn to dawn durations recom-
mended by Cloern et al. 2014) were employed in this
study to limit the potential for biomass accumulation
since the Caloosahatchee Estuary is nutrient-rich,
and to hinder biomass grazing since the samples
were not pre-screened for zooplankton prior to being
sealed in the flasks.

Our study also examined some previously unad-
dressed details in selecting the specific forms of key
variables used in the BZpI0 model. For example, both
uncorrected and corrected chl a concentrations have
been used as proxies for B (Keller 1988, Boyer et al.
1993, Murrell et al. 2007, Bouman et al. 2010). To
determine if the BZpI0 model for the Caloosahatchee
was affected by the type of chl a used, models were
tested using both uncorrected concentrations and
values corrected for pheophytin. The resulting rela-
tionships were not substantially different, indicating
the model’s relative insensitivity to the type of chl a
measurements used to define B.

Another issue examined in this study was the defi-
nition of Zp. In most previous applications of the BZpI0

model, Zp has been shallower than Zw due to the
 bathymetry of the systems in question. However, in
shallow systems (like the Caloosahatchee Estuary),
Zp can on occasion be deeper than Zw. Brush et al.
(2002) and Boyer et al. (1993) noted that the BZpI0

model may overestimate productivity when Zp ex-
ceeds Zw because the model would then overestimate
the light available to phytoplankton for photosynthe-
sis. Brush & Brawley (2009) suggested that simply
substituting Zw for Zp when Zp is greater than Zw is
not ideal because the relationships between water
column depth and irradiance and between irradiance
and photosynthesis are non-linear. Brawley et al.
(2003) proposed a correction factor to adapt the BZpI0

model to shallow systems that takes into account
these non-linear relationships; however, the applica-
tion of the correction did not improve the estimates of
productivity in the system they tested (Waquoit Bay,
Massachusetts). Attempts to correct for the occasions

when Zp was greater than Zw in the Caloosahatchee
Estuary yielded BZpI0 models with positive significant
intercepts, which highlights the error accompanying
the non-linear assumption and the influence of water
turbidity (Jassby et al. 2002). Therefore, the BZpI0

model that was best fit for the Caloosahatchee
Estuary used Zp directly and yielded an intercept not
significantly different than zero. This result does not
rule out the possibility that correction factors may be
needed in ecosystems where Zp values are consis-
tently or dramatically greater than Zw. Another con-
sideration could be the use of the original model form,
BI0KT

−1 (Cole & Cloern 1984), which considers light
availability independently of depth. When tested for
the Caloosahatchee Estuary, the alternative model
yielded a slope of 3.4, which reflects the fact that KT =
4.61Zp

−1, but the overall strength of the model did not
change (r2 = 0.84).

Interpretation of model residuals

Differences between measured and predicted val-
ues provide opportunities to examine factors that
may be important in defining the causes of variabil-
ity. The BZpI0 model assumes that all B, expressed as
chl a concentration, is equally efficient at using PAR
light to drive photosynthesis. The model also assumes
that Zp and total PAR light flux (i.e. I0) accurately
depict the availability of photosynthetically usable
radiation (PUR) in the water column (Kirk 1994,
Falkowski 1994). However, chl a does not necessarily
provide an exact assessment of photosynthetic poten-
tial (Welschmeyer & Lorenzen 1981), and not all PAR
is equally efficient in driving photosynthesis (Kirk
1994).

Cole & Cloern (1987) suggest that deviations of
measured productivity from model-predicted pro-
ductivity are related to variability in eco-physiologi-
cal factors that affect photosynthetic capacity, such as
nutrient availability, quality of the underwater light
field, presence of toxic compounds in the water col-
umn, and/or other stress factors (e.g. extreme tem-
peratures or salinities). In addition, deviations can
reflect changes in phytoplankton community struc-
ture, since differences between species in photo -
synthetic mechanisms and growth strategies impact
the responses to changes in light availability
(Welschmeyer & Lorenzen 1981, Geider & Osborne
1992, Geider & MacIntyre 2002).

In our study, shifts in model residuals be tween pos-
itive values that suggest model overestimation (i.e.
modeled productivity > measured productivity) and
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negative values that suggest model underestimation
(i.e. modeled productivity < measured productivity)
appeared to coincide with seasonal changes in key
environmental conditions (such as nutrient and salin-
ity levels) resulting from variation in freshwater
inflow. In terms of nutrients, model overestimates
(i.e. positive residuals) were generally related to
regions and periods of reduced inorganic nutrient
levels, and model underestimates (i.e. negative
residuals) were generally related to regions and peri-
ods of elevated inorganic nutrient levels. For exam-
ple, the region of the estuary where modeled values
most often overestimated productivity was Site BY,
which had the lowest nutrient levels in the estuary
during the first 4 mo of the study period. When nutri-
ent levels at Site BY increased in the middle of the
wet season due to freshwater inputs from the upper
regions of the estuary and surrounding watershed,
residuals turned negative. The pattern was similar at
Site LE, except nutrient levels increased a month ear-
lier. Gallegos (2014) reported that a dramatic sea-
sonal shift in production in Chesapeake Bay in Mary-
land was triggered in a comparable way by the
addition of nutrients from river inflow to an environ-
ment where they had previously been scarce.

In contrast with Sites BY and LE, Sites ME and UE
were characterized by a high percentage of model
underestimates of productivity (i.e. negative residu-
als). After a month of positive residuals in February
2009, the remaining months of the experimental
period displayed negative residuals, with one excep-
tion in June 2009 at Site UE. The high percentage of
negative residuals in these regions may in part
reflect the relatively high levels of macronutrients
(i.e. nitrogen, phosphorus, and silica) compared to
the lower estuary and Bay, even during the dry sea-
son. The latter observation stems from year-round
nutrient-enriched inputs through local surface water
runoff and wastewater effluent from the city of Fort
Myers (Knight & Steele 2005, Doering et al. 2006). As
a result, even modest inflows from S-79 can con-
tribute significant amounts of nutrients to the upper
estuary, resulting in stimulation of primary produc-
tion. The major exception to this pattern in June 2009
at Site UE highlights another factor that can influ-
ence measured productivity values, namely salinity.
Salinity declined dramatically at Site UE from surface
values of near 15 psu in May to near 1 psu in June,
suggesting a significant negative impact on marine
phytoplankton species that dominated that region at
that time.

Another factor that appeared to affect residual val-
ues was species composition. The 2 largest negative

residual values observed over the modeling period
were at Sites LE and BY in July 2009. In both of these
exceptional cases of model underestimation, the
phytoplankton community was dominated by the
fast-growing diatom species Skeletonema costatum.
S. costatum is a cosmopolitan species noted for its
broad salinity and temperature tolerance (Reynolds
2006), and it is a common bloom-forming diatom in
coastal waters of southwest Florida (Saunders et al.
1967). The success of S. costatum during the wet
period in the Caloosahatchee Estuary is in part attrib-
utable to its adaptability to increased freshwater
inflows, which favor euryhaline species, and de -
creased water residence times (<4 d; Qiu et al. 2007,
Wan et al. 2013), which favor species such as S. costa-
tum that have maximum growth rates >2 doublings
d−1 (Stolte & Garcés 2008). By contrast, the promi-
nence of the dinoflagellate Akashiwo sanguinea dur-
ing the dry season months of February, April, and
May 2009 may have been aided by relatively long
water residence times (6 to 11 d; Qiu et al. 2007, Wan
et al. 2013). Since dinoflagellates typically have rela-
tively low maximum growth rates compared to some
diatoms, i.e. near or below 1 doubling d−1 (Stolte &
Garcés 2008) (1.13 d−1 for A. sanguinea; Matsubara et
al. 2007), water residence time is an important factor
in competition between species.

The success of A. sanguinea during the dry period,
when inorganic nutrient levels are relatively low,
may also be attributed to the species’ flexible nutri-
tional modes. A. sanguinea is a mixotrophic species
capable of growing photoautotrophically or hetero -
trophically (Gaines & Elbrachter 1987, Levandowsky
& Kaneta 1987, Taylor 1987, Smayda 1997, Burk-
holder et al. 2008). A. sanguinea has been shown to
osmotically incorporate dissolved organic sub-
stances, such as lysine, alanine, leucine, and pheny-
lalanine, which are building blocks of proteins
(Gaines & Elbrachter 1987). A. sanguinea can also
ingest bacteria, small-celled algae, and some micro-
zooplankton through phagotrophy (Burkholder et al.
2008). In addition, A. sanguinea may use its motility
as a nutrient-retrieval strategy to access nutrient
enriched layers in the water column (Smayda 1997).
Populations of nutrient-deficient A. sanguinea have
been found to accumulate near depths at which irra-
diance saturates photosynthesis during the daytime,
and then migrate below the nitracline at night, allow-
ing for dark uptake of NO3 (Smayda 1997). Due to the
shallowness of the Caloosahatchee Estuary, A. san-
guinea may migrate to the bottom where it could
access nitrogen and phosphorus diffusing from the
sediment surface (Day et al. 1989).
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The potential effects of differences in photosyn-
thetic efficiency between phytoplankton species is
illustrated by the differences observed in the ratios of
GPPd to phytoplankton biomass (in terms of carbon)
in representative samples dominated by dinoflagel-
lates versus diatoms. For the limited number of
selected samples, photosynthetic efficiency ratios for
dinoflagellates were lower than those for diatoms.
These differences may have contributed to the shift
in residual values from positive (i.e. model overesti-
mates) in the winter and spring when dinoflagellates
were dominant to negative (i.e. model underesti-
mates) in the summer when diatoms became more
important.

Comparative rates of production

Worldwide increases in anthropogenically driven
eutrophication (Nixon 1995, Glibert & Burkholder
2006, Heisler et al. 2008) and expected global climate
changes (Cox et al. 2000) have heightened the need
for a more robust understanding of spatial and tem-
poral trends in marine phytoplankton primary pro-
duction, which represents half of total worldwide pri-
mary production and plays a major role in carbon
dioxide flux (Field et al. 1998, Sabine et al. 2004).
One of the major gaps in this understanding is the
disproportionally small representation of subtropical
and tropical ecosystems in the archive of primary
production data. A recent compilation of data from
around the world revealed that 958 of 1148 records of
annual phytoplankton primary production (APPP)
were from ecosystems located between 30 and 60° N
latitude, exposing the need for research of systems in
lower latitudes (Cloern et al. 2014). The results of our
study contribute in a small way to filling this gap.

With a mean net APPP of 312 g C m−2 yr−1, the
Caloo sahatchee also adds to information on an im -
portant subset of ecosystems in the eutrophic range
of productivity, as defined by Nixon (1995) (i.e. 300 to
500 g C m−2 yr−1), such as Chesapeake Bay in Mary-
land, the Neuse River estuary in North Carolina and
Tokyo Bay in Japan (Table 4). The mean net APPP for
the 4 sites examined in the Caloosahatchee Estuary
was greater than the 300 g C m−2 yr−1 mean net APPP
for upwelling areas reported by Ryther (1963), re -
flecting the high overall productivity of the Caloosa-
hatchee Estuary. The estimated annual rate of phyto-
plankton productivity in the Caloosahatchee Estuary
is comparable to a number of highly productive river-
dominated estuaries in the southeastern United
States, including other systems within the Gulf of

Mexico such as the Neuces River estuary in Texas
and Fourleague Bay in Louisiana (Table 4). Like the
Caloosahatchee Estuary, many estuaries of the Gulf
of Mexico are shallow, microtidal, subject to rela-
tively high annual light flux and water temperatures,
and characterized by anthropogenically-enriched
nutrient levels, resulting in high phytoplankton bio-
mass and annual productivity (Day et al. 1989, Kirk
1994, Odum et al. 1998, Pennock et al. 1999, Murrell
et al. 2007, Phlips et al. 2012, 2015).

The range in mean net APPP from 245 to 379 g C
m−2 yr−1 across the 4 sites in the Caloosahatchee Estu-
ary indicates that the system’s trophic status can vary
spatially from mesotrophic to eutrophic levels of pro-
ductivity (Nixon 1995). This 55% difference in pro-
ductivity within the system in 1 yr is comparable to
variability in productivity between other river-domi-
nated estuaries (Table 4). Large spatial variability
within other ecosystems around the world has been
reported (i.e. 20 to 80% deviations in APPP from me-
dian APPP), but such knowledge comes from a small
number (i.e. 11 out of 131) of estuarine− coastal eco-
systems that have measurements of productivity at
multiple sites within the same year  (Cloern et al.
2014). Measurements of productivity at single sites
therefore may not accurately reflect ecosystem-scale
production, which is commonly used to classify, com-
pare, and manage ecosystems (Nixon 1995, Cloern et
al. 2014, Gallegos 2014). The 4 sites used in this study
vary geographically, physically, chemically, and bio-
logically, thereby contributing to the understanding
of spatial variability in phytoplankton biomass and
the environmental factors that regulate its growth,
transport, and losses (Cloern et al. 2014).

CONCLUSIONS

This study demonstrated that the BZpI0 model
(Cole & Cloern 1987) can provide reasonable esti-
mates of phytoplankton primary productivity in the
Caloosahatchee Estuary, Florida, even given the fea-
tures of the estuary that distinguish it from previously
described systems, including its low latitude subtrop-
ical location, individual physical features, unique
watershed characteristics, and distinctive phyto-
plankton community structure and dynamics. The
strength of the relationship supports the primary im -
portance of biomass and light in the control of phyto-
plankton productivity, while the model deviations
point to the secondary influence of nutrient levels,
water residence times, salinity variations, and shifts
in species composition on productivity. The results
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also confirmed that the model can give robust esti-
mates of estuarine phytoplankton productivity de -
spite differences in methodologies (using O2 evolu-
tion vs. 14C uptake techniques, gross vs. net
pro ductivity estimates, uncorrected or corrected chl a
concentrations, and calculated or corrected Zp).
Thus, model applications from this and a variety
of estuaries can be used as a tool to assess productiv-
ity on larger spatial and temporal scales to make
 system-wide comparisons of productivity from data
that is routinely collected in monitoring projects,
 saving ecologists time and money when conducting
traditional field measurements.
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