Marine Chemistry 89 (2004) 145 – 167
www.elsevier.com/locate/marchem

CDOM distribution and CO2 production on the
Southwest Florida Shelf
Catherine D. Clark a,b,*, William T. Hiscock a, Frank J. Millero a, Gary Hitchcock a,
Larry Brand a, William L. Miller c, Lori Ziolkowski c, Robert F. Chen d, Rod G. Zika a
a

Division of Marine and Atmospheric Chemistry, Rosenstiel School of Marine and Atmospheric Science, University of Miami,
4600 Rickenbacker Causeway, Miami, FL 33149, USA
b
Department of Physical Sciences, Chapman University, One University Drive, Orange, CA 92866, USA
c
Department of Oceanography, Dalhousie University, Halifax, NS, Canada B3H 4J1
d
Environmental Coastal and Ocean Sciences, University of Massachusetts, Boston, 100 Morrissey Boulevard, Boston, MA 02125, USA
Received 8 January 2003; received in revised form 25 August 2003; accepted 9 February 2004

Abstract
Partial pressures of carbon dioxide ( pCO2) were measured in river and coastal waters on two cruises in November 1999 and
June 2000 on the Southwest Florida Shelf. Supersaturation with respect to the atmosphere was observed for most river and nearshore waters in November 1999. pCO2 ranged from 403 Aatm in the Gulf of Mexico to 1280 Aatm in the Shark River. The
coastal waters of the Southwest Florida Shelf had unusually low salinities at this time due to high inputs of freshwater runoffs
after Hurricane Irene. In general, pCO2 levels decreased with increasing salinity, but at different gradients for the different river
systems. In June 2000, salinity gradients were considerably reduced during this drought year, with hypersalinity indicating
reduced freshwater inputs. However, high pCO2 levels were still observed in and near the mouth of the Shark River
( pCO2 = 383 – 1280 Aatm). A positive correlation of pCO2 levels with colored dissolved organic matter (CDOM) and
chlorophyll was observed in all systems examined. CO2 in natural waters may be produced from the photochemical degradation
of CDOM, microbial respiration or via shifts in the carbonate equilibrium. Some evidence for a small contribution from
photochemical production was observed in the Shark River mouth in a dry season diel study, but not in the wet season.
Differences between the rivers are primarily attributed to the significantly higher total alkalinity and lower pH values in the
Shark River, and associated higher pCO2 levels. In general, spatial variability in pCO2 is dominated by the chemical
characteristics of the river inputs, with temporal variability modulated by changes in pH, photochemical production in low flow
seasons and draw down by primary production.
D 2004 Elsevier B.V. All rights reserved.
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Carbon dioxide plays a critical role in Earth’s
climate and radiation balance as a greenhouse gas
contributing to global warming. A major source of
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CO2 is industrial emissions, with average global
atmospheric levels of 367 parts per million (ppmv)
in 1999, significantly higher than the pre-industrial
revolution atmospheric concentration of 280 ppm
(IPCC, 2001). A generally accepted major sink for
CO2 is dissolution in the oceans through air –sea gas
exchange processes (Broecker and Peng, 1974; Keeling et al., 1996). However, equatorial regions of the
ocean have been shown to be supersaturated in CO2
with respect to the atmosphere, i.e. a potential source
not a sink due to the upwelling of cold CO2-rich
waters (Feely et al., 1999). Field data on surface
seawater CO2 partial pressures in coastal waters are
sparse, but a few previous studies have demonstrated
that estuarine and coastal regions with a high input of
riverine dissolved organic matter (DOM) are also
supersaturated in CO2 (Frankignoulle and Wollast,
1996; Frankignoulle, 1988; Gattuso et al., 1998; Abril
et al., 1999; Borges and Frankignoulle, 1999). Calculations of CO2 fluxes from measurements of the
partial pressure of CO2 in the English Channel
indicate that continental shelves could play an appreciable role in the global carbon budget (Frankignoulle
et al., 1996a,b). Similar measurements in nine European estuaries showed that estuarine emissions account for 5 – 10% of present anthropogenic CO2
emissions for Western Europe (Frankignoulle et al.,
1996a,b).
Several processes can lead to increased CO2 concentrations in the water column (Ritschard, 1992).
Temperature variations and changes in alkalinity can
shift the bicarbonate equilibrium in seawater towards
the formation of gaseous CO2 (Millero, 1995; 1996).
At typical oceanic bicarbonate concentrations, a water
temperature change of 1 jC can increase pCO2 by 10
Aatm (Frankignoulle et al., 1996a,b). Although primary production will draw down CO2 in the water
column, microbial respiration will increase CO 2
(Packard et al., 1996), and most of the supersaturation
previously observed in estuarine areas has been attributed to the remineralization of terrestrial organic
matter as it flows to the ocean (Kepkay and Johnson,
1989; Frankignoulle et al., 1998; Borges and Frankignoulle, 1999; Abril et al., 1999).
Recent studies have shown significant direct production of CO2 from irradiated DOM (Miller and Zepp,
1995; Graneli et al., 1996; Miller and Moran, 1997;
Johannessen and Miller, 2001; Mopper and Kieber,

2002). Photochemical mineralization of DOM was
recently estimated to convert 12 – 16 ! 1015 g C to
CO2 annually (Moran and Zepp, 1997). This suggests
that the photodegradation of DOM under the action of
sunlight in surface waters may be another important
source of CO2 in estuarine regions with high DOM
inputs from rivers. DOM may also have an indirect
influence on CO2 levels through the photochemical
formation of low molecular weight carbonyl compounds that can be utilized as a food source by microorganisms (Lindell et al., 1995; Amon and Benner,
1996a,b; Moran and Zepp, 1997; Zepp, 1997; Bano et
al., 1998; Zepp et al., 1998). Laboratory studies have
shown that the photochemical breakdown of DOM can
significantly stimulate biomass production, and exposure of surface seawater to sunlight for 1 day in a
continental shelf system may produce DOM photodegradation products equivalent to >20% of the bacterial carbon demand (Moran and Zepp, 1997). These
photodegradation processes would lead to enhanced
microbial respiration in the water column and hence a
higher partial pressure of CO2 ( pCO2).
Earlier results from this laboratory (Zika et al.,
1997) on the photoproduction of gases in a single
estuarine river system in South Florida in 1996
suggested that increased pCO2 levels in the river were
due to the photodegradation of dissolved organic
matter. In this paper, we report the results of an
extended series of pCO2, DOM and ancillary biological and photochemical measurements in several estuarine river systems in Southwest Florida to
investigate pCO2 production mechanisms in these
natural waters.

2. Experimental
2.1. Study site
Measurements were made 11– 18 November 1999
on the R/V Calanus (CA 9917) and 22– 30 June 2000
on the R/V Walton Smith (WS 010) on the Southwest
Florida Shelf (SFS). Both cruises focused on the
Shark River (SR), which receives significant DOM
input from the Florida Everglades, and the Caloosahatchee River (CR), which drains Lake Okeechobee
in the central Florida farming region (Kloor, 2000).
The SR is a tidally flushed estuarine river system lined
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with mangroves that has been extensively examined in
on-going studies (for example: Lee et al., 1994; Ortner
et al., 1995; Petasne and Zika, 1997). Offshore water
samples at salinity f 36 in the Gulf of Mexico
(GOM) were taken on both cruises for comparison
to the oceanic end-member.
In November 1999, samples were taken in the SR
and CR river plume waters as they mixed into coastal
waters, and in freshwaters as far as the research vessel
could safely traverse based on depth and bridge
heights. Samples were also taken in the Peace River
(PR) in adjacent Charlotte Harbor. Sampling sites are
shown in Fig. 1A. The coastal waters of the SFS had
unusually low salinities due to the passage of Hurricane
Irene in mid-October and subsequently high inputs of
fresh river waters. The CR was sampled from the
middle of its course down to San Carlos Bay and into
the GOM, extending from fresh river waters (salinity = 1.3) to coastal waters (salinity = 33.5). A strong
color gradient was visually observable in the CR
samples from brown (river) to colorless (coastal).
In the SR, samples were taken from a salinity of
16.7 in the river to a salinity of 31.3 on the SFS as
the river plume flowed out of the river mouth in a
northerly direction up the coast before turning southeast and flowing down through the Florida Keys.
This is a typical flow pattern at this time of year
(Lee et al., 1994; Ortner et al., 1995). The Shark
River Slough (SRS) receives freshwater that flows
through water control structures in the Florida Everglades. Light and Dineen (1994) recently reviewed
the hydrologic history of the Everglades, and
reported that freshwater flow through the SRS has
been under several different hydrologic regimes
during the past century. The South Florida Water
Management District (SFWMD) regulates flow
through the SRS, with the most recent flow regime
designed to mimic natural periods in rainfall. This
management plan began in 1985 with an objective of
restoring a quasi-natural pattern of freshwater delivery into the SRS. Monthly flow into the SRS is the
sum of discharge through six water control structures. The average canal water input into the SRS
was 1.2 ! 105 l/s in November 1999, with an average
SR output discharge of 3.6 ! 104 l/s, i.e. f 30% of the
canal input (A. Chong, private communication). Rainfall for the month was 7 cm. The average time it takes
a parcel of water to transit the distance from the river
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outlet to the most saline station is typically on the
order of 3– 4 weeks based on multiple drifter studies in
this region (Tom Lee, private communication).
This region was re-visited in June 2000. The SFS is
generally typified as a reverse estuary during the
summer, since evaporation exceeds freshwater inputs
resulting in hypersaline conditions (Millero et al.,
2001). The spring and summer of 2000 had unusually
low rainfall levels. In June, salinity gradients were
considerably reduced, with fairly constant salinities of
37 to 38 in the study area. The lowest salinity
measured was 34.2 in the mouth of the SR. Higher
salinities were measured on the SFS than off-shore in
the GOM (38 vs. 36.5), reflecting an excess of
evaporation over precipitation on the shallow Shelf.
In June 2000, the average rainfall was higher at 16 cm
compared to the previous cruise in November 1999,
but average water discharges through the SR were
significantly reduced to less than 10% of the previous
flows (5600 l/s canal input and 2800 l/s SR discharge;
A. Chong, private communication). Sampling sites are
shown in Fig. 1B.
In a Lagrangian experiment, four drifters were
deployed at the mouths of the SR and CR and two
coastal locations on the SFS. Surface drifters were
patterned after the Coastal Ocean Dynamics Experiment (CODE) drifters (Davis, 1985), and included
fluorometers for the measurement of CDOM fluorescence. The solid state CDOM fluorometers in the
surface floats were a modified configuration of
chlorophyll a fluorometers designed for surface
drifters as described in Hitchcock et al. (2000).
The CDOM fluorometers had a strobed light excitation source of 350 nm (10 nm FWHM), and an
emission wavelength of 460 nm (20 nm FWHM).
Position was determined by a Magellan GPS receiver, with the median of seven CDOM fluorescence
measurements and a corresponding position recorded
at hourly intervals. Data was usually relayed via
System Argos, but directly recorded when the vessel
was within several km of the drifters.
One drifter was released off the Shark River mouth
(D1), and redeployed further from the mouth two days
later due to grounding. Data from this drifter are
referred to as SR. A second drifter was deployed off
Lostman’s River north of the SR, and is tracked as
drifter D2. A third (D3) was released on the Southwest Florida Shelf. The last drifter (D4) was released
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Fig. 1. (A) Sampling sites on the Southwest Florida Shelf (November 1999). (B) Sampling sites on the Southwest Florida Shelf (June 2000).

off the Caloosahatchee River mouth; data from this
drifter are referred to as CR. These drifters were
revisited two to three times over the course of a week
to sample photochemically and biologically aged
material in the river plumes and shelf waters.

CDOM optical properties (absorbance, fluorescence), chlorophyll (fluorescence, pigments) and
pCO2 were measured on both cruises. In June
2000, hydrogen peroxide, total alkalinity, nutrients
and solar irradiance measurements were included to

C.D. Clark et al. / Marine Chemistry 89 (2004) 145–167

provide additional information on CO2 production
mechanisms.
2.2. DOM measurements
Surface water samples were obtained from a
through-hull probe at 2 m depth by means of an all
Teflon pumping system that supplied water at a flow
rate of f 3 l min! 1 on the R/V Calanus and f 4
l min! 1 on the R/V Walton Smith or from surface
CTD casts. Water samples were collected in clean
glass vessels, vacuum-filtered through 0.2-Am nylon
filters (Gelman Sciences, Ann Arbor, MI) and stored
in the dark. Previous experience in this laboratory has
shown that samples treated in this way are stable with
respect to optical properties.
Salinity was measured by a shipboard SeaBird
Thermosalinograph or with a portable salinometer
(Guildline Instruments, Smith Falls, Ontario, Canada). Absorbance measurements of the filtered water
samples from surface CTD casts were determined in
10 cm or 1 cm path length cells by UV – VIS
spectroscopy (Hewlett-Packard, UV – visible spectrometer 8450A, Palo Alto, CA). Absorbance values
are reported at 300 nm. Total organic carbon (NPOC;
nonpurgeable organic carbon) measurements were
made on unfiltered samples using high temperature
oxidation techniques (Shimadzu TOC 5000, Columbia, MD) and reported as Total Organic Carbon
(TOC, in AMC). The bulk samples were acidified
and purged prior to analysis to remove inorganic
carbon and volatiles. This instrument had been successfully utilized in TOC intercalibration exercises
(Sharp, 1997).
DOM steady-state fluorescence was determined
shipboard using an in-line fluorometer (Turner Designs) system with excitation = 354 F 10 nm, emission = 496 F 10 nm and a near-UV lamp. DOM
fluorescence is expressed in quinine sulfate units (1
QSU = 1 Ag quinine sulfate/l = 1 ppb). A 1 " 105 QSU
stock solution was prepared by dissolving 100 mg
quinine sulfate in 1 l of 0.1 N H2SO4. Dilution with
0.1 N H2SO4 gave 100 QSU and 10 QSU standards.
Assuming a linear response over the working range,
the instrument was calibrated by zeroing on deionized
water and setting 95% full-scale on the 100 QSU
standard. A more detailed description of this system
is given in Moore et al. (1993).
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H2O2 production was measured on surface CTD
samples with an enzyme-mediated fluorescent decay
method (Moore et al., 1993). This analytical method
measures the loss of scopoletin fluorescence by the
horseradish peroxidase-mediated decomposition of
H2O2. These measurements were carried out in
triplicate with a Turner Designs Model 10 fluorometer equipped with a large volume cuvette adaptor,
25 " 150 mm borosilicate culture tubes, excitation at
354 nm, emission at 496 nm, and a near-UV DOM/
Ammonium lamp (Model 10-049). Samples were
continuously mixed with a small magnetic stirrer
bar. Calibration was by standard additions, with
stock H2O2 solutions prepared for waters of different salinity/DOC concentrations and standardized by
iodometric titrations. To determine H2O2 concentrations, a 20-ml water sample, 100 Al of 0.5 M
phosphate buffer and 40 Al of 5 " 10! 5 M scopoletin were added to the test tube in the fluorometer.
After a 2-min mixing delay, the initial % fluorescence was recorded, then 25 Al 1 " 10! 4 M HRP
added and the final % fluorescence recorded after
one min. The D% fluorescence was converted to a
H2O2 concentration with the calibration curve.
2.3. Chlorophyll a measurements
Three 100-ml replicate water samples were filtered
(after the addition of 1 mg MgCO3) through GF/F
glass fiber filters. The filters were frozen until
extracted (within a few days) for 1 h with 10 ml of
dimethyl sulfoxide, followed by extraction with 15 ml
of 90% acetone/water (v/v) at 5 jC overnight. Chlorophyll concentrations were measured fluorometrically before and after acidification (Burnison, 1980;
Parsons et al., 1984). Fluorescence measurements
were made on a Turner Designs 10-00R fluorometer
equipped with an R136 red photomultiplier tube, a
Daylight F4T5D lamp, Corning CS-5-60 excitation
filter and CS-2-64 emission filter. The system was
calibrated with pure chlorophyll a.
2.4. pCO2 measurements
An automated underway equilibrator system was
used for the continuous measurement of surface
seawater carbon dioxide concentrations. This system
partitions CO2 between the aqueous and gaseous
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phase using an equilibrator based on Weiss’s design
(1981) as modified by Goyet and Peltzer (1993). The
equilibrator has a showerhead on top through which
surface seawater from the ship’s flow-through system
is forced at 4 l min! 1. The equilibrated headspace gas
circulates with an air pump at 200 ml/min in a closed
loop. The mole fraction of CO2 is determined by a LICOR (model LI-6262) nondispersive infrared analyzer (IR) integrated into an instrument similar to Wanninkhof and Thoning (1993) and Feely et al., 1998.
The CO2 sampling system recorded measurements of
seawater samples every minute. The fraction of CO2
in the equilibrated air samples was measured wet and
the signal internally corrected to dry air at atmospheric
pressure using the measurements from the LI-COR
water channel and a Setra pressure gauge (model
270). The water channel is calibrated using a LICOR Dew point generator (model LI-610) as described in the operations manual of the LI-6262.
The reference chamber of the IR analyzer is continuously purged with dry, CO2-free air. This allowed the
instrument to measure CO2 concentrations directly.
The equilibrator temperature agreed with the surface
measurement to F 0.1 jC, equivalent to F 2 Aatm of
CO2 (Millero, 1995) and within the precision of the
measurements. Thus, no temperature corrections were
made and pCO2 values are at the in situ temperature.
The system performance was monitored throughout by the measurement of two standard gases, with
mixing ratios of 410 and 534 ppmv CO2 (November
1999) and 323 and 505 ppmv CO2 (June 2002),
that were calibrated relative to reference gases
of Wanninkhof (AOML/NOAA, Miami). Agreement
between calibrated and measured values for the standard gases was F 3 ppmv. The mixing ratio of dry
equilibrated headspace gas is converted to the partial
pressure of CO2 in seawater according to Wanninkhof
and Thoning (1993) and Weiss (1974). Atmospheric
concentrations of CO2 were also determined periodically (f 1/h) from air samples drawn from the ship’s
bow, f 7 m above sea level.
2.5. Total alkalinity (TA) measurements
TA measurements were made on surface waters
from the ship’s flow-through system using an alkalinity titration system similar to that used in earlier
studies (Millero et al., 1993a). This consists of a

Metrohm Model 665 Dosimat titrator and a pH meter
(Orion, model 720A) interfaced to a personal computer. The acid titrant burette and seawater sample cell
are thermostated to 25 F 0.05 jC using a constant
temperature bath (Neslab, Model RTE 221). The
Plexiglas water-jacketed cells used were similar to
those used by Bradshaw and Brewer (1988), but a
larger sample volume (f 200 cm3) is used to increase
precision. The cell volumes of the titrators were
determined to F 0.03 cm3 by titrations using seawater
of known total alkalinity. A Lab Windows-C program
is used to run the titration, record the titrant volume,
and the emf of the electrodes using RS-232 interfaces.
The electrodes are a Ross glass pH electrode (Orion,
Model 810100) and a double junction Ag/AgCl reference electrode (Orion, Model 900200). Seawater
samples are titrated by adding enough HCl to exceed
the carbonic acid endpoint. During a typical titration,
emf readings are recorded once the readings stabilize
to F 0.05 mV, and then a volume of acid is added to
increase the voltage by a pre-assigned increment (13
mV). A full titration consists of f 25 data points and
takes f 20 min. The HCl was prepared by dilution of
concentrated HCl (AR Select. Mallinckrodt) in 0.45
M NaCl solution to yield a total ionic strength similar
to seawater of salinity 35.0 (I = 0.7 M). The acid was
standardized by coulometry (Taylor and Smith, 1959;
Marinenko and Taylor, 1968). The calibrated HCl
normality was 0.2484 F 0.0001 N. The reliability of
the TA measurements was checked (Lee and Millero,
1995) using Certified Reference Material, CRM (Dr.
Andrew Dickson, Marine Physical Laboratory, La
Jolla, CA). The overall precision of the TA values is
F 3.2 Amol kg! 1. Total inorganic carbon (TCO2) is
calculated from the pH and TA (Millero et al., 1993b).
2.6. Nutrients
Flow injection continuous shipboard analyses of
phosphate, silicate, nitrite and nitrate were performed
by colorimetric techniques. Phosphate is analyzed
using a modification of Bernhardt and Wilhelm’s
technique (1967). Orthophosphate reacts with molybdenum (VI) and antimony (III) in an acid medium to
form phosphoantimonylmolybdenum complex, which
is reduced by ascorbic acid to a heteropolyblue with a
maximum absorbance at 880 nm. Silicate is analyzed
using a modification of the technique of Armstrong et
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al. (1967). B-molybdosilicate acid is formed by the
reaction of silicate with molybdate at a pH of 1.0 – 1.8.
Oxalic acid is introduced to the sample stream to
eliminate interference from phosphates. The silicomolybdate in acidic solution is then reduced to molybdenum blue by ascorbic acid and analyzed at 810 nm.
A modification of the Armstrong et al. (1967) procedure is used for the analysis of nitrate and nitrite.
Nitrite is determined as an azo dye with a maximum
absorbance at 540 nm following diazotization with
sulfanilamide and subsequent coupling with N-1naphthyl-ethylenediamine. Nitrate is reduced quantitatively to nitrite by copperized cadmium in an open
tubular cadmium reactor. The nitrite formed plus any
originally present in the sample is determined by the
nitrite method above. Absorbance measurements were
made using Ocean Optics Spectrophotometers (S2000)
and custom 10 cm path-length cells. The detection
limits were 0.05 AM for phosphate, 0.2 AM for silicate,
and 0.1 AM for nitrate and nitrite.
2.7. Irradiance
Shipboard measurements of spectral irradiance
were collected every minute using a mast mounted
Satlantic Multi-Channel Visible Detection System

(MVDS) radiometer with six channels (325, 411,
443, 554, 683 and 700 nm). The MVDS data was
subsequently used to scale data generated using Gregg
and Carder (1990) solar irradiance model, as modified
by Arrigo (1994). Irradiance (mol photons m! 2 s! 1
nm! 1) was calculated at 15-min intervals for Florida
Bay, and integrated over time to calculate the incident
scalar irradiance (mol photons m! 2 nm! 1) during the
diel study.

3. Results and discussion
Results from the November 1999 cruise are shown
in Table 1. At this time, simple mixing of freshwater
DOM end-members and physical dilution processes
dominated this system, as expected from the recent
passage of Hurricane Irene and subsequent significant
freshwater discharges through the Florida canal system. At similar salinities of 16.7 in the SR vs. 14.0 in
the CR, the CR had 1.6 times higher concentrations of
TOC and 1.6 times higher absorbance (CDOM) than
the SR. Steady-state fluorescence intensities and absorbance both decreased linearly with increasing salinity for all waters (Fig. 2A). The SR appears to have
a different end-member to the PR and CR, based on its

Table 1
pCO2, CDOM fluorescence (QSU units), CDOM absorbance (at 300 nm; m! 1) and chlorophyll measurements on the Southwest Florida Shelf
in November 1999 (SR—Shark River; CR—Caloosahatchee River; PR—Charlotte Harbor/Peace River; GOM—Gulf of Mexico)
Site

Station
no.

Date

Time
(GMT)

Lat. N

Long. W

Salinity

CDOM
fluorescence

CDOM
absorbance

TOC
(AM C)

Chlorophyll
(Ag/l)

pCO2
(Aatm)

SR

26
27
28
29
30
51
52
53
54
55
62
63
64
65
66
67
68
73

11/11

13:31
13:40
13:53
14:03
14:40
17:54
18:39
19:11
19:22
20:02
16:05
17:47
18:23
19:15
20:04
20:47
21:26
15:55

25.323
25.328
25.332
25.330
25.322
26.418
26.453
26.502
26.518
26.545
26.533
26.685
26.722
26.743
26.975
26.917
26.940
26.608

81.152
81.143
81.128
81.118
81.165
81.945
81.983
82.015
82.013
81.937
82.272
82.305
82.245
82.138
82.100
82.113
82.063
82.485

22.3
20.8
18.6
16.7
24.0
29.1
21.6
14.0
8.65
1.27
34.3
31.6
28.6
27.3
26.6
23.7
19.2
36.0

48.8
59.3
66.5
74.8
39.0
62.1
104
161
177
209
5.22
30.5
52.6
62.4
60.4
86.9
134
1.30

9.56
10.8
14.0
14.0
6.57
7.68
14.3
22.9
26.9
33.9
1.18
5.78
8.77
10.8
10.4
14.5
15.9
0.914

491
568
626
671
391
419
715
1042
1206
1425
165
341
457
552
512
631
966
146

3.66
3.70
4.14
4.57
4.12
4.41
11.60
3.68
4.23
11.60
0.97
3.09
4.31
4.57
5.30
6.22
15.54
0.38

809
811
1020
1214
807
491
519
636
714
675
412
418
448
463
499
491
466
403

CR

PR

GOM

11/13

11/14

11/15
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Fig. 2. The Southwest Florida river systems (November 1999). (A) DOM fluorescence (in QSU units) vs. salinity; (B) DOM fluorescence (in
QSU units) vs. TOC (in AM C); (C) DOM fluorescence (in QSU units) vs. absorbance at 300 nm (m! 1).
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lower fluorescence values, but all three rivers showed
similar changes with salinity. Changes in the absorbance and fluorescence also correlated linearly with
the levels of TOC (Fig. 2B). Since TOC levels likely
scale with the amount of CDOM in natural waters,
this linear relationship indicates dilution of the fresh
river water containing high levels of CDOM by lowCDOM bay waters. The observed linear decrease in
fluorescence with increasing salinity is also primarily
caused by dilution. Are processes other than dilution
also important in explaining small-scale variability in
the CDOM – salinity relationship? Photochemical degradation processes that alter the optical properties of
CDOM might change the fluorescence/absorbance
ratios from the rivers into the shelf waters, whereas
these ratios will likely be constant if only dilution is
occurring. In fact, fluorescence/absorbance ratios
showed no statistically consistent change with salinity
(Fig. 2C); the linear regression of a plot of fluorescence vs. absorbance gives reasonable R2 values of
0.95 for the PR (n = 6), 0.99 for the CR (n = 5) and
0.97 for the SR (n = 5).
By contrast, in June 2000, freshwater inputs to the
shelf were significantly reduced. At this time, photochemical degradation, primary production and microbial respiration processes might be expected to play a
more significant role. Salinities were 34 in the SR and
CR outlets, increasing to 38 on the shelf. Off-shore
GOM waters were 36.4, lower than the hypersaline
shelf waters. The SR had CDOM and FDOM levels
f 2 times higher than the CR river mouth based on
absorbance and fluorescence, and 1.4 times as much
based on TOC. This was the opposite pattern to that
observed in November 1999. The ratio of CDOM/
TOC changes in the low flow conditions, suggesting
that CDOM is degraded faster than TOC or that TOC
is produced in the river. Steady-state fluorescence
intensities and absorbance in general initially decreased with increasing salinity up to 38 (Fig. 3A)
as the river inputs mixed into the hypersaline waters
of the SFS. Values then continued to decrease with
decreasing salinity as the waters were further diluted
by low FDOM-containing offshore waters with an end
member at 36.4 in the GOM. Changes in fluorescence
correlated linearly with TOC levels (Fig. 3B). A
similar linear relationship was observed for the absorbance vs. TOC. Exceptions are the two CR drifter
samples, the final sample at drifter D2, and the final
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Shark River drifter D1 sample, all of which had low
fluorescence values for a relatively high TOC value.
This suggests that production of colorless TOC or
some photochemical or biological processing of the
optically active CDOM had occurred as the water
parcels transit the shelf. Fluorescence/absorbance ratios showed little change with salinity for the river
plumes and drifters (Fig. 3C), indicating dilution
processes again dominated the system. Exceptions
are the first D2 sample and the final SR D1 sample,
with low fluorescence values for a high absorbance
value, suggesting these drifters had moved into a
different water parcel.
As a water parcel was followed with the drifters,
the following changes were generally observed: the
salinity initially increased and then decreased, and the
DOM fluorescence, absorbance and TOC decreased.
These trends together suggest that physical dilution
processes and three distinct end-members dominated
the system in June 2000: freshwater input sources, an
offshore oceanic source (GOM), and a Southwest
Florida Shelf source that had undergone degradation
processes due to a long residence time in the hypersaline waters. Residence times of water parcels on the
SFS are estimated from drifter studies to be in excess
of several weeks (Lee et al., 2002). Typically, drifters
released in the SR plume require 1 – 2 months to reach
the Florida Keys.
On both cruises, phytoplankton levels were highest
in the CR. In November 1999, chlorophyll concentrations ranged from 3 to 5 Ag/l in the rivers and shelf
waters. At the lowest salinity sites in the CR, concentrations were f 3 times higher. Chlorophyll concentrations decreased with increasing salinity for all the
river systems studied but at a different rate for the SR
(Fig. 4). Chlorophyll data vs. salinity in the CR show
an initial peak in freshwater and a secondary maximum at mid-salinities of 20. This secondary bloom
may be due to increased light penetration due to the
drop in TSM and reduced scattering or to mixing of
waters from Lake Okeechobee with the PR (containing higher phosphate levels) in Charlotte Harbor. The
point closest to the PR input into CH also had an
unusually high chlorophyll concentration. In June
2000, chlorophyll levels were lower, from 0.1 to 0.5
Ag/l on the shelf to 3.6 Ag/l in the CR and 1.8 Ag/l in
the SR (Table 2). In general, chlorophyll levels again
decreased with increasing salinity.
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Fig. 3. The Southwest Florida river systems (June 2000). (A) DOM fluorescence (in QSU units) vs. salinity; (B) DOM fluorescence (in QSU
units) vs. TOC (in AM C); (C) DOM fluorescence (in QSU units) vs. absorbance at 300 nm (m! 1).
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Fig. 4. Chlorophyll (in Ag/l) vs. salinity (November 1999).

On the June 2000 cruise, simultaneous continuous
nutrient measurements were added to provide additional information about the sampling regions. Nitrate
levels (NO3!) were the same for both the SR and CR
(0.3 AM), but nitrite levels (NO2!) were higher at 0.23
AM in the SR vs. 0.1 AM for the CR. The SR also had
higher levels of silicates (SiO2!) than the CR (50 vs.
20 AM), but lower levels of phosphates (0.12 vs. 0.18
AM). This could potentially result in phosphate-limited microbial growth conditions in the SR vs. nitrogenlimited growth in the CR/PR. The Redfield (DIN:P)
ratios for the SR vs. the CR are 4 and 2.3, respectively, suggesting no phosphate limitation.
Partial pressures of carbon dioxide ( pCO2) showed
supersaturation with respect to the atmosphere for
most river and near-shore waters in both November
1999 and June 2000. Tables 1 and 2 give pCO2 values
measured on station, but a significantly larger set of
continuous data was recorded. Values ranged from
400 (GOM) to 1230 Aatm (SR), representing a maximum oversaturation of pCO2 by f 300% in the SR.
Values from 90 to 778 Aatm have been previously
reported for Belgian and Dutch coastal waters with
riverine inputs (Borges and Frankignoulle, 1999).
A plot of pCO2 vs. salinity is shown in Fig. 5 for
all 3 rivers in November 1999. Fig. 6 shows a
continuous pCO2 transect gradient profile for the SR
for June 2000. The pCO2 concentrations are significantly higher for the SR vs. CR, e.g. in November
1999, maximum pCO2 values in the SR were f 2

times higher than in the CR. pCO2 levels generally
decreased linearly with increasing salinity in all the
natural waters sampled, but at different gradients for
the different rivers (Fig. 5). These linear relationships
suggest that these pCO2 distributions are simply a
product of physical mixing of different river endmembers with low end-member coastal waters, and
that photodegradation and microbial respiration do not
play major roles in controlling pCO2 distributions in
this area in the rainy season.
A positive correlation of pCO2 levels with both
DOM and chlorophyll has been previously observed
in the SR (Zika et al., 1997). A similar relationship of
pCO2 with DOM and chlorophyll was observed in
November 1999, but with different slopes for the
different river systems (Fig. 7). Negative correlations
of pCO2 with chlorophyll a concentrations have been
previously observed in the North Atlantic (Watson et
al., 1991), the English Channel (Frankignoulle et al.,
1996a,b), and the Southern Ocean (Bakker et al.,
1997). These relationships occur where developing
phytoplankton blooms ‘‘draw down’’ pCO2 (Watson
et al., 1991). Since chlorophyll pigment levels are a
measure of standing crop biomass, which utilizes
CO2, the positive correlations observed here are
unexpected. A similar positive correlation was observed in one study in the English Channel in autumn,
a period of lower productivity; this relationship was
attributed to high river inputs of CO2 oversaturated
water (Frankignoulle et al., 1996a,b). This again

Station
no.

2
3
4
5
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Site

SR D1
D2
SFS
D3
CR
D4
SFS
SFS
Redeploy D1
D2
SFS
D1
D2
D3
SFS
GOM
D4
Diel, SR
Pickup D2
Pickup D1

6/27
6/28
6/29

6/26

6/25

6/24

6/23

Date
16:34
18:20
21:17
22:36
13:55
16:30
18:08
14:51
15:41
17:08
22:13
13:17
14:40
17:42
20:22
2:15
15:27
1:31
13:15
15:19

Time
(GMT)
25.328
25.352
25.527
25.546
26.509
26.335
26.127
25.346
25.335
25.370
25.523
25.349
25.367
25.668
25.583
25.586
26.416
25.313
25.435
25.405

Lat N
81.144
81.224
81.401
81.272
82.017
81.963
81.918
81.147
81.178
81.246
81.449
81.220
81.244
81.502
81.501
82.386
82.163
81.184
81.323
81.252

Long W
34.2
37.1
37.7
33.3
34.5
37.2
37.0
35.4
35.8
37.2
37.7
36.8
37.3
37.2
38.0
36.4
36.7
35.9
37.3
37.3

Salinity
35.4
8.5
3.9
25.1
16.7
1.3
2.6
26.4
13.9
9.6
4.4
11.1
7.9
10.4
6.6
0.4
2.7
20.9
5.6
0.14

CDOM
fluorescence
5.94
3.29
0.77
4.99
2.82
0.43
0.60
3.82
1.84
1.32
0.57
1.16
0.89
1.35
0.62
0.07
0.56
3.17
0.85
0.89

CDOM
absorbance
525
313
273
455
383
282
256
391
334
282
220
313
276
325
254
174
378
389
349
281

TOC
(AM C)

1.61
1.88

1.29
0.96
0.91
0.13
1.59

1.79
0.69
0.37
0.15
3.62
0.24
0.54
1.41
3.32
1.98
0.48

Chlorophyll
(Ag/l)
72
110
118
308
25
80
89
137
177
118
93
74
81
85
74
76
43
44
20
52

H2O2
(nM)
1280
448
457
608
464
383
530
744
454
645
369
500
478
474
479
479
393
688
441
449

pCO2
(Aatm)

8.10
8.08
8.08
8.16
7.97

7.98
8.04
8.12
8.05
7.82
8.11
7.99
8.16
8.07

2588
2341
2373
2408
2702
2329
2485
2270
2388
2787
2374
2267
2383
2514

7.79
7.96

pH

2788
2593

TA
(Amol/kg)

2372
2145
1884
1994
2237

2291
2035
1986
2085
2507
1983
2197
1882
2164

2602
2255

TCO2
(Amol/kg)

Table 2
pCO2, CDOM fluorescence (QSU units), CDOM absorbance (at 300 nm; m! 1), chlorophyll, TOC and H2O2 measurements on the Southwest Florida Shelf in June 2000 (SR—Shark
River; CR—Caloosahatchee River; GOM—Gulf of Mexico; SFS—Southwest Florida Shelf; D—drifter)

156
C.D. Clark et al. / Marine Chemistry 89 (2004) 145–167

C.D. Clark et al. / Marine Chemistry 89 (2004) 145–167

157

Fig. 5. pCO2 (Aatm) vs. salinity for the Southwest Florida river systems (November 1999). Dataset are all points taken by the continuous pCO2
system. Lines shown are linear fits through all data points.

suggests that the observed pCO2 distributions on the
Southwest Florida Shelf are largely due to river
inputs. However, this could be due either to large
influxes of CDOM, and hence a photochemical source
of CO2, or to differences in carbonate concentrations
and a chemical source.
Previous observations of CO2 supersaturation in
the SR were attributed primarily to the photodegradation of DOM, based in part on ancillary measurements
of the photoproduction of other gases from DOM
(Zika et al., 1997). In a partial diel study in November
1999, a comparison of pCO2 levels in the SR in the
afternoon (high tide) with the following morning (low

tide) is shown in Fig. 8. pCO2 levels are a factor of 2
lower in the afternoon under high tide conditions.
Even though ambient light levels were higher in the
afternoon, tidal dilution effects played a more important role than photochemistry. In addition, phytoplankton would be expected to draw down the CO2
in the afternoon due to primary production. A rough
estimate of the biological effects can be made by
comparing pCO2 values at high tide and low tide at a
similar salinity (23 at low tide vs. 24 at high tide).
This shows a maximum 25% decrease in CO2 in the
afternoon, likely due to primary production. A previous study in European coastal waters also found that

Fig. 6. pCO2 (Aatm) gradient profile for the Shark River (June 2000).
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Fig. 7. The Southwest Florida river systems (November 1999). (A) pCO2 (Aatm) vs. DOM fluorescence (in QSU units); (B) pCO2 (Aatm) vs.
chlorophyll (Ag/l).

the daily variation of pCO2 depended primarily on the
tide and hence hydrodynamic mixing effects, with a
modulation by the biological diel cycle (Borges and
Frankignoulle, 1999).
In November 1999, the rainy season, freshwater
inputs appeared to dominate pCO2 production on the
Southwest Florida Shelf, i.e. a chemical source, with a
minor modulation by primary production. By contrast,
biological and photochemical sources might be
expected to play a more significant role in pCO2
production in June 2000, a drought year with reduced
freshwater inputs, hypersaline conditions and longer
residence times on the shelf.

Fig. 9 shows pCO2 vs. salinity for June 2000. In
contrast to November 1999, the data are more
variable, suggesting that freshwater mixing and simple dilution processes do not completely dominate
the behavior on the shelf. However, a decrease in
pCO2 with increasing salinity was still observed for
the SR, CR, and drifter D3. The SFS samples show
an initial decrease with increasing salinity up to 38
and then continue to decrease with decreasing salinity down to 36, due to dilution by the off-shore lower
salinity end-member. Drifter D2 shows a decrease in
pCO2 values at a fairly constant salinity, suggesting
dilution of this water parcel by hypersaline shelf

C.D. Clark et al. / Marine Chemistry 89 (2004) 145–167
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Fig. 8. pCO2 (Aatm) vs. salinity for the Shark River at PM (high tide) vs. AM (low tide) in November 1999. PM: n; AM: 5.

water and/or draw down due to phytoplankton
growth.
pCO2 levels still show a weak positive correlation
with fluorescence (FDOM) (Fig. 10A) and chlorophyll (Fig. 10B). The SR and CR have increasing
pCO2 levels with increasing DOM fluorescence, as
does drifter D3, albeit at a lower rate. However, the

SFS shows an initial decrease in pCO2 levels with
increasing fluorescence, followed by an increase as
the fluorescence continues to increase. This again is
likely due to mixing of low FDOM end-member off
shore waters with high FDOM inshore coastal endmembers on the SFS. Drifter D2 again shows a
decrease in pCO2 levels at a constant DOM fluores-

Fig. 9. pCO2 (Aatm) vs. salinity for Southwest Florida (June 2000).
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cence, suggesting dilution by low FDOM containing
end-member waters on the shelf at the same salinity
of f 37. These likely have low FDOM due to long
residence times and processing on the shelf.
To further probe photochemical production from
CDOM, H2O2 concentrations were measured in tandem with pCO2 in surface waters in June 2000. Since
H2O2 is a photochemical product of sunlight-irradiated DOM (Sikorski and Zika, 1993a,b; Petasne and
Zika, 1997; Clark and Zika, 2000), a correlation
between H2O2 concentrations and pCO2 levels might
be expected if photochemical processes dominate
pCO2 production. This relationship is complicated

by the fact that rainwater contains high levels of
H2O2 ( f 2 orders of magnitude higher than typical
surface seawater concentrations), and hence any local
rainfall may give anomalously high H2O2 surface
water concentrations (Cooper et al., 1987). This effect
would depend on the volume of the rain and it’s
mixing into the surface layer. For most drifter stations
(sampled over 3– 5 days), H2O2 levels decreased with
decreasing DOM fluorescence as expected, indicating
minimal rainfall effects in this salinity range. A
notable exception was the CR, with f 40% lower
H2O2 concentrations inside the river mouth (25 nM)
than outside (48 nM). H2O2 ranged from 25 to 250

Fig. 10. The Southwest Florida river systems (June 2000). (A) pCO2 (Aatm) vs. DOM fluorescence (in QSU units); (B) pCO2 (Aatm) vs.
chlorophyll (Ag/l).
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production from DOM, contributing 41 Aatm of
pCO2, or an estimated minimum 6% photochemical
source at the SR mouth (not accounting for the offset
due to draw down by primary productivity). Using the
maximum estimate of 25% draw down in pCO2 by
phytoplankton growth from the wet season study in
the SR, this would give an approximate upper limit to
the photochemical source of f 30%.
To estimate the theoretical maximum photochemical pCO2 production from DOM, we combined in
situ irradiance measurements and DOM absorbance
spectra with literature values for the dissolved inorganic carbon (DIC) quantum yield spectra (Johannessen and Miller, 2001). The quantum yield spectrum
for pooled coastal waters that include the Gulf Stream
is given by the following equation (Johannessen and
Miller, 2001):
/ðkÞ ¼ e!ð6:36þ0:0140ðk!290ÞÞ

ð1Þ

where /(k) is the quantum yield as a function of
wavelength. The DIC production rate in an optically
thin solution can be expressed as (Johannessen and
Miller, 2001):
Z
dP=dt ¼ ðEo ðkÞaCDOM ðkÞ/ðkÞdkÞ
ð2Þ
where dP/dt is the integrated DIC production rate (in
mol DIC produced m! 3 s! 1), Eo(k) is the scalar

(µatm)

nM in surface waters throughout the study region,
with 110 nM in the Gulf of Mexico end-member. No
significant correlation was observed between pCO2
and hydrogen peroxide concentrations for a particular
river system or drifter series (Fig. 11). In fact, the SR
had higher levels of pCO2 in comparison to the other
rivers at similar H2O2 concentrations.
In a second partial diel study on 29 June 2000,
pCO2 was measured simultaneously along with DOM
absorbance, DOM fluorescence, chlorophyll fluorescence and H2O2 concentrations (nM) as a function of
time at a single station off-shore of the SR (#20).
Measurements were taken every hour from 14:45 to
18:45 UT (8:31 am to 12:45 pm local time). Results
are shown in Fig. 12. Initial decreases with time for
the first 2 h were observed ( f 15% for absorbance,
! 30% for DOM fluorescence and f 50% for H2O2),
followed by no significant change for the remainder of
the study. This is most likely due to tidal dilution
effects. By contrast, the pCO2 and chlorophyll fluorescence both initially decreased for the first 3 h and
then increased from their lowest values by 6% and
32%, respectively, from 10:45 am local time onwards
(135 min elapsed time). The chlorophyll increase is
likely caused by primary production of phytoplankton
as light levels increase, or tidal advection of higher
chlorophyll a waters, but this should draw down, not
increase, the pCO2 levels. This increase in pCO2 with
increasing sunlight may be due to photochemical
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Fig. 11. pCO2 (Aatm) vs. H2O2 (nM) for Southwest Florida (June 2000).
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Fig. 12. Time (min) vs. pCO2 (Aatm; x), absorbance (at 300 nm, m! 1; n), DOM fluorescence (QSU units;
and H2O2 (nM; z) for the Shark River diel study (29 June 2000).

irradiance (mol photons m! 2 s! 1 nm! 1), aCDOM(k)
is CDOM absorptivity (m ! 1 ; a CDOM (k) = 2.303
absorbancecdom(k)/cell length) and k is wavelength
(nm). Assuming that Eq. (1) reasonably describes
coastal waters on the Southwest Florida Shelf and that
most DIC produced by Eq. (2) is CO2, the upper limit
for CO2 produced photochemically from DOM can be
estimated. In the UV, CDOM dominates absorption,
with only f 1% of photons entering the ocean leaving
it. Assuming all photons are absorbed by CDOM in the
photic zone for an upper bound estimate, Eq. (2)
simplifies to the photon flux and the spectral quantum
yield terms. The integrated irradiance from 8:30 am to
12:30 pm local time for the diel study rises from
6.98 " 10! 5 mol photons m! 2 nm! 1 at 300 nm to
0.10 mol photons m! 2 nm! 1 at 500 nm, and the
quantum yield varies from 0.0015 to 0.000091 over
the same wavelength range. The estimated upper
bound on the integrated CO2 photoproduction for the
4-h diel study period based on Eqs. (1) and (2) is
3.6 " 10! 3 mol CO2 m! 2 from 300 to 500 nm.
Assuming all production is in the mixed layer ( < 5
m in Florida Bay), this gives a total CO2 photopro-

.), chlorophyll fluorescence (E)

duction rate in the photic zone of 7.2 " 10! 4 mol CO2
m! 3. This corresponds to an approximate upper limit
of 18 ppmv CO2 produced photochemically over the
course of the diel study. This compares well to the
increase of 40 Aatm pCO2 measured, but is still only
f 5% of the measured values of f 800 Aatm.
Photodegradation of DOM is thus only a small
contributing source of carbon dioxide, even in seasons
with low freshwater inputs. Other potential sources of
high pCO2 levels are physico-chemical changes that
can shift the bicarbonate equilibrium in seawater
towards the formation of gaseous CO2 (Millero,
1995):
CO2ðgasÞ X CO2ðsolutionÞ

ð3Þ

CO2ðsolutionÞ þ H2 O X H2 CO3

ð4Þ

H2 CO3 X Hþ þ HCO!
3

ð5Þ

þ
2!
HCO!
3 X H þ CO3

ð6Þ
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At typical oceanic bicarbonate concentrations, a
water temperature change of 1 jC can increase CO2
concentration by 10 ppmv due to changes in the
equilibrium constants of Eqs. (4) – (6) (Frankignoulle
et al., 1996a,b). A surface water temperature change
of F 0.1 jC is equivalent to F 2 Aatm of gaseous
CO2 (Millero, 1995). However, the horizontal temperature gradients for all 3 rivers were very weak
(22.0 –23.2 jC for CR/PR, 22.0 –23.0 jC for the SR
in 1999, 29.4– 30.6 jC for the CR and 28.9– 29.1 jC
for the SR) and this would only account for a
maximum of 24 Aatm in CO2.
A decrease in pH will also shift the carbonate
equilibrium in a direction that increases dissolved
CO2 in the water column. At a constant total
alkalinity (2300 Amol/kg), a pH decrease of 1
would correspond to a pCO2 increase of f 1000
Aatm. Fig. 13 shows a positive correlation for pH
vs. pCO2 for June 2000. For each drifter, pH
increases with time as the fresh input waters mix
in with the higher pH ocean waters. For example,
drifter D4 showed pH changes from 8.04 at the CR
mouth (salinity = 34.5) to 8.16 at the last drifter
station sampled on the shelf (salinity = 36.7). This
pH increase of 0.12 corresponds to an estimated
pCO2 decrease of 120 Aatm, comparable to the
decrease of 71 Aatm measured. The only exception
is drifter D2, which showed the opposite trend,
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suggesting again that it may have moved into
another parcel of water. The SR had the lowest
pH measured, at 7.79 in the river mouth (salinity = 34.2). The pH difference of 0.25 between the
SR and CR at similar salinities would produce a
difference of 250 Aatm, whereas the actual measured difference was f 800 Aatm. This estimate
assumes the composition and salinity of the two
rivers is similar, that the total alkalinity is constant
and that the flux is similar. Although pH effects on
the bicarbonate equilibrium account for significant
changes in pCO2 levels with time as the freshwater
end-members are spatially mixed on the Southwest
Florida Shelf, they do not alone explain the unusually high pCO2 values in the SR.
Higher concentrations of bicarbonate (HCO3!) and
carbonate (CO32 !) in seawater may also shift this
equilibrium towards more gaseous CO2. Concentrations of these ions can be calculated from total
alkalinity measurements (Millero et al., 2001). High
CO2 saturation has been attributed to high alkalinity
values in river inputs to coastal waters (Frankignoulle et al., 1996a,b). A river plume with high
TA and hence higher bicarbonate concentrations
would be expected to have higher pCO2 levels.
pCO2 vs. TCO2 is shown in Fig. 14 for all waters
sampled in June 2000. The positive correlation
between pCO2 and TCO2 values indicates that the

Fig. 13. pCO2 (Aatm) vs. pH for Southwest Florida (June 2000).
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Fig. 14. pCO2 (Aatm) vs. TCO2 (Amol/kg) for Southwest Florida (June 2000).

chemical characteristics of the water are an important
source of pCO2. Again, the only exception to this
positive trend is drifter D2. The SR, with the highest
pCO2 values, also has higher TA and TCO2 values
than the CR and Southwest Florida Shelf, indicating
a higher dissolved carbonate content. The SR drains
through Everglades National Park in Southwest Florida, which is geologically based on limestone oolite
rock, i.e. calcium carbonate. In addition, the oxidation of organics in Florida Bay (which the SR drains
into) has been previously shown to decrease the pH,
leading to higher values of TA and TCO2 (Millero et
al., 2001). If pH were held constant and the temperature and salinity of each river was the same, an
increase in TA of 100 Amol/kg would result in an
increase of f 94 Amol/kg DIC and f 26 Aatm
pCO2. The observed difference in TA of 447 Amol/
kg between station 2 in the SR and station 7 in the
CR would account for an increase of f 116 Aatm
pCO2 in the SR vs. the CR. Although this is less
than the observed difference of f 800 Aatm, the
combined differences in the measured pH and TA
values between the two rivers together account for
an estimated difference of f 400 Aatm pCO2. This
large difference is on the same order of magnitude as
the observed elevated levels of pCO2 in the SR vs.
the CR, and strongly suggests that the chemical
characteristics of the river inputs dominate the observed differences in pCO2.

4. Conclusions
Processes that can change pCO2 in surface seawater are: the photodegradation of DOM, primary organic production (decreases pCO2 through uptake of
dissolved CO2); remineralization (increases pCO2); an
increase in temperature (increases pCO2 due to
changes in the carbonate equilibrium constants); and
physico-chemical properties of river inputs (Frankignoulle et al., 1996a,b). These processes can all occur
simultaneously with different rates and resultant relative influences on pCO2.
Supersaturation of CO2 was observed in most river
and coastal near-shore waters in Southwest Florida in
November 1999, a season with high freshwater inputs
due to unusually high rainfalls from Hurricane Irene.
These effects were reduced the following year in June
2000 in a drought period with low freshwater inputs,
but high pCO2 values were still observed in and near
the Shark River in Everglades National Park. Spatial
variability in pCO2 values in this region was dominated by the chemical characteristics of the river
inputs (TA, pH) and physical mixing processes. The
higher total alkalinity and lower pH of the Shark River
resulted in significantly higher pCO2 values ( f 50%)
compared to other waters on the Southwest Florida
Shelf. Temporal variability was controlled by pH
changes due to dilution of freshwater end-members
with higher pH ocean water, primary production by
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phytoplankton, and photodegradation of DOM. Diurnal studies and seasonal comparisons established a
range of estimated influence on CO2 production for
photochemistry (0% wet season to 30% dry season)
and biology (25%).
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