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Abstract

Terrestrially derived dissolved organic matter (DOM) impacts the optical properties of coastal seawater and affects
carbon cycling on a global scale. We studied sequential long-term photochemical and biological degradation of
estuarine dissolved organic matter from the Satilla River, an estuary in the southeastern United States that is
dominated by vascular plant-derived organic matter. During photodegradation, dissolved organic carbon (DOC) loss
(amounting to 31% of the initial DOC) was much less extensive than colored dissolved organic matter (CDOM) or
fluorescent dissolved organic matter (FDOM) loss (50% and 56% of the initial CDOM and FDOM), and anaysis
of kinetics suggested a reservoir of DOC that was resistant to photodegradation. In contrast, CDOM photodegra-
dation closely followed first-order kinetics over two half-lives with no indication of a nondegradable component.
FDOM loss was slightly biased toward fluorophores considered representative of terrestrial humic substances. Ad-
ditional changes in optical properties included increases in spectral slope and shifts in fluorescence excitation/
emission maxima that were generally consistent with previous observations from field studies of photobleached
DOM. Biological degradation of photobleached DOM was more rapid than that of unbleached material, and this
net positive effect was evident even for extensively photodegraded material. Bacterial degradation caused shiftsin
the opposite direction from photochemical degradation for both spectral slope and excitation/emission maxima and

thus dampened but did not eliminate changes in optical properties caused by photobleaching.

Photochemical processes that induce changes in natural
dissolved organic matter (DOM) can influence many aspects
of carbon cycling in marine environments. The sunlight-me-
diated conversion of DOM into inorganic forms (dissolved
inorganic carbon, carbon monoxide) and into bacterial sub-
strates (low-molecular-weight carbonyl compounds and oth-
ers) increases turnover rates of DOM in surface waters
(Bushaw et a. 1996; Miller and Moran 1997; Moran and
Zepp 1997). The loss of color (i.e., photobleaching) that ac-
companies photochemical modification of DOM affects the
optical properties of seawater and influences penetration of
ultraviolet and photosynthetically active wavelengths (Vod-
acek et a. 1997). Changes in light penetration depth sub-
sequently affect exposure of marine microorganisms to sun-
light and can modify the activities of autotrophs and
heterotrophs in both positive and negative ways (Hernd! et
al. 1997; Jeffrey et al. 1999; Moran and Zepp 2000). Pho-
toreactions of DOM therefore play key roles in oceanic car-
bon cycling, potentially controlling the degradation of ter-
restrially derived DOM in estuaries and shallow continental
shelf systems (Miller and Moran 1997; Vodacek et al. 1997)
and driving the turnover of marine-derived DOM in the sur-
face ocean (Opsahl and Benner 1998; Cherrier et al. 1999).

Several models have been used to predict the effects of
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photodegradation on DOM cycling in coastal and open
ocean environments (Mopper et a. 1991; Miller and Zepp
1995; Amon and Benner 1996; Moran and Zepp 1997). One
of the most critical aspects of these quantitative models is
the use of short-term data to predict long-term effects of
photochemistry on DOM pools. Current models must ex-
trapolate photodegradation kinetics to longer time frames
(i.e., years) and, in the absence of appropriate data, assume
that all components of the DOM pool are equaly photo-
chemically reactive.

A limited number of recent experimental studies have begun
to address long-term photodegradation processes (Vodacek et
a. 1997; Opsahl and Benner 1998). These studies show that
DOM photodegradation operates over month-long or greater
time scales in seawater. More information is needed, however,
and few studies of short- or long-term duration have success-
fully disentangled photochemicaly mediated effects on the
DOM poal from the biologically driven processes that simul-
taneoudy affect turnover and may interact with the direct pho-
tochemical processes (Miller and Moran 1997).

This study addresses the effects of long-term exposure to
sunlight on turnover of estuarine DOM and examines changes
in biological lability and optical properties that co-occur with
photodegradation. DOM from the Satilla Estuary in the south-
eastern United States served as a model for vascular plant-
derived terrestrial DOM that is exported to the coastal ocean.

Materials and Methods

DOM source and preparation—Water was collected in
August 1997 from the freshwater region of the Satilla Es-
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Table1l. Changesin optica propertiesand dissolved organic carbon (DOC) concentration during
photobleaching. Initial DOC concentration was 2046 pM C (primary experiment) and 1972 uM C
(replication experiment). Changes (A) are expressed relative to the nonincubated control. Spectral
slope coefficient () is calculated from the nonlinear regression of absorptivity vs. wavelength from
290 nm to 400 nm. The specific absorption coefficient (a,,*) is caculated as a,,, (predicted from
the non-linear regression) divided by the DOC concentration (in mg C L-1).

Light
exposure  Aag, Aa,, ADOC ADOC

Experiment/treatment (d) (%) (%) S F- iy (rM) (%)
Primary experiment

Control (incubated) 0 -4.0 -72 00142 0.766 73+26 -3.6

16% photobleached 6 —15.9 —-9.6 00143 0715 193*+20 -94

25% photobleached 14 —-251 —-167 00144 0675 314*x22 153

44% photobleached 34 —-442  —336 0.0151 0.524 486*23 —238

64% photobleached 70 -638 —-504 0.0153 0.367 628+30 —30.7
Secondary experiment

Control (incubated) 0 -20 +0.6 0.0146  0.537 6659 -33

12% photobleached 0.1 -12.3 —-34 00144 0532 226*+48 -114

21% photobleached 0.3 —-20.5 —-94 00146 0516 3838*+42 —19.7

32% photobleached 0.6 —-315 —-180 0.0144 0480 45743 -—232

59% photobleached 16 —-591 —-533 0.0155 0310 706*x45 —358

tuary in coastal Georgia. The sample was sequentially fil-
tered through ashed Whatman GF/F and deionized water-
rinsed 0.2-um pore size polycarbonate filters. The initial
concentration of dissolved organic carbon (DOC) was 2,046
uM C.

Photobleaching protocol—Samples were irradiated inside
a temperature-controlled environmental chamber using 120-
cm 40-W BL 350 fluorescent black-light tubes (mounted 12
cm from the samples; Industrial, Atlanta Light Bulbs) and a
canopy of 240-cm 215-W and 120-cm 120-W cool-white
fluorescent tubes (24 cm from the samples). Ultraviolet (UV)
light intensity at the sample surface was 9.2 W m=2 (9.0 W
m-2 UVA [315-400 nm] and 0.2 W m~2 UVB [280-315
nm]), approximately 31% (UVA) and 25% (UVB) of the
daily average UV summertime spectral irradiance at 30°N
latitude. PAR intensity was 50 W m~2, approximately 13%
of the daily average summertime spectral irradiance at 30°N.
Irradiance was uniform throughout the area used for sample
exposure.

The filter-sterilized estuarine water was irradiated in ashed
quartz flasks containing 2 liters of sample. Flasks were
placed under the light source in a recirculating water bath
that maintained temperature at 7°C when the lights were on.
Sterile magnetic stir bars were used to stir each flask con-
tinuously, and flasks were capped with sterile foam plugs.
Because preliminary experiments showed measurable re-
growth of bacteria in filter-sterilized water samples after 2
weeks, samples were refiltered at regular intervals. Every 5—
7 d, samples were removed from the light source and filtered
through exhaustively rinsed 0.2-um pore size polycarbonate
filters to eliminate bacterial regrowth.

The samples were irradiated until 16, 25, 44, or 64% of
the original absorptivity at 350 nm (a,5,) was lost; length of
light exposure varied from 6 d (16% photobleached) to 70
d (64% photobleached). When target bleaching levels were
reached, the flasks were covered in aluminum foil and left

inside the water bath. Two additional dark control treatments
were aso established. An incubated dark control was
wrapped in auminum foil at the start of the experiment,
incubated inside the water bath, and filter-sterilized at 5-7-
d intervals as described above. A nonincubated dark control
was kept refrigerated (at 4°C) in the dark for the duration of
the irradiation phase of the experiment; this treatment was
not repeatedly filter sterilized and served as a control for
effects of filtration and incubation in the water bath. At the
end of the irradiation phase, samples were taken from all
flasks and stored in the dark at 4°C for subsequent deter-
mination of DOC concentration and measurement of optical
properties (see below). The remaining water was used in
bacterial biodegradation assays.

Biodegradation protocol—Water from the four irradiated
treatments and the two dark controls was filtered though 0.2-
mm pore size polycarbonate filters, amended with an inor-
ganic nutrient solution (equivalent to 0.1% of sample vol-
ume) to eliminate N and P limitation (5 uM NH;, 5 uM
NO,, and 1 uM PO,, final concentration), and inoculated
with a natural bacterial inoculum (equivalent to 1% of sam-
ple volume) prepared by concentrating bacteria from the Sa-
tilla Estuary over a 0.2-um pore size polycarbonate filter.
Samples were removed to determine initial DOC concentra-
tions and optical properties, and water was then dispensed
into eighteen 60-ml glass biological oxygen demand (BOD)
bottles per treatment.

BOD bottles were incubated in the dark while submerged
in a recirculating water bath maintained at 20°C. At time
zero and after 13, 27, 36, and 51 d of incubation, three of
the replicate BOD bottles prepared from each treatment were
sacrificed for determination of dissolved oxygen concentra-
tion using precision Winkler titrations with a Mettler DL-21
automatic titrator (Pomeroy et al. 1994). Formation of gas
bubbles during extended incubations was prevented by
warming sample water to 22°C and applying a light vacuum
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prior to filling the bottles. At the fina time point, additional
BOD hottles were sacrificed for analysis of DOC concentra-
tion and measurement of optical properties.

DOC analysis—DOC concentrations were measured using
a Shimadzu TOC-5000 carbon analyzer calibrated with po-
tassium biphthalate. Duplicate samples were filtered through
ashed Whatman GF/F filters and stored at 2°C. Samples were
acidified to pH 3 with 10% phosphoric acid and sparged with
CO,-free air for 15 min just prior to analysis. A minimum
of five injections was made per sample.

Optical measurements—Absorbance scans over the wave-
length range of 250—800 nm were performed on a Beckman
DU-640 UV-visible scanning spectrophotometer using 1 cm
(250—-450 nm wavelength range) and 5 cm (355-800 nm
wavelength range) cuvettes. Absorption coefficients were
calculated as a, = 2.303 *A,/I, where a, is the absorption
coefficient at wavelength A, A, is the absorbance at wave-
length A, and | is the path length of the quartz cuvette (in
meters). Absorptivity at 350 nm (i.e., a,,) was used as the
index of colored dissolved organic matter (CDOM) concen-
trations for most analyses. In some cases, absorptivity at a
representative visible wavelength (a,y,) or integrated absorp-
tion between 250 nm and 500 nm (on the basis of trapezoidal
integrations under the curve of absorption coefficient vs.
wavelength) was used to represent CDOM concentrations.

Spectral slope coefficients were calculated by two meth-
ods. First, absorption coefficient data were linearized by log
transformations, and spectral slopes were estimated from a
least-squares linear regression of log absorptivity versus
wavelength (Jerlov 1968). Second, absorption coefficient
were fit to a nonlinear equation in the following form: ab-
sorptivity = A exp[—S(A — A,)], where A is the absorptivity
a A, (i.e, 290 nm) and S is the spectral slope coefficient
(Zepp and Schlotzhauer 1981; Blough and Green 1995) us-
ing Sigma Stat (SPSS). Slopes were calculated over the spec-
tral regions 290—400 nm (using data from the 1-cm cuvette)
and 290—-700 nm (using data from both 1-cm and 5-cm cu-
vettes combined by concatenating scans in the 380—420 nm
range).

Samples for fluorescence excitation—emission matrices
(EEMs) were diluted with Nanopure dH,O to the point
where A, was below 0.02 to minimize inner filtering ef-
fects. High-resolution fluorescence matrix scans were per-
formed from 250-500 nm excitation (5-nm intervals) and
290-600 nm emission (2-nm intervals) using an 1SA SPEX
Fluorolog 3-12 scanning fluorometer with R928P detector.
The instrument was configured for signal ratio mode and
dark offset, and both excitation and emission dlits were set
to 5 nm bandpasses. Scans were corrected for instrument
configuration according to the manufacturer’s guidelines and
Coble et al. (1993) and converted to quinine sulfate equiv-
alents according to Coble et al. (1998). Rayleigh and Raman
scatter peaks were eliminated during postprocessing of the
datain Matlab (Release 11). An algorithm was developed to
excise scatter peaks (i.e., peak emission = 10-15 nm at each
excitation wavelength) from the scan data and replace the
excised values using three-dimensional interpolation of the
remaining data (Delaunay triangulation method). The inter-
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polated surface was constrained to pass through the nonex-
cised values so that only data in excised portions were in-
terpolated. Following correction and scatter removal, the
fluorescence from the Nanopure water diluent was subtracted
from each scan and the fluorescence values were multiplied
by the dilution factor to calculate the EEM for the original
undiluted sample.

Replication in a solar simulator—The volumes of water
needed for biological measurements necessitated the use of
a large-scale fluorescent light bank for irradiations in the
primary experiment. Since this light bank produced light of
low intensity with mercury emission peaks, the experiment
was replicated on a smaller scale using a Suntest CPS solar
simulator with a high-pressure xenon lamp and special UV
filter for sample irradiation. Light output from the Suntest
instrument was 40 W m-2 UVA, 1.4 W m~2 UVB, and 380
W m~—2 PAR. This light output matched the natural solar
spectrum at midafternoon in June at 30° latitude.

Water for the replication experiment was collected from
the Satilla River estuary in November 1998; initia DOC
concentration was 1971 uM C. Water was placed in 160-ml
quartz flasks with a 30-ml head space and irradiated in 50-
min sessions, separated by 10-min cooling periods on ice to
minimize sample heating; this process was repeated until
target photobleaching levels were reached (up to 40 h of
irradiation for the most photobleached treatment). Because
of size limitations with the Suntest instrument, there was
insufficient sample to conduct respiration measurements dur-
ing the bioassay phase of the experiment, but all other ex-
perimental protocols (i.e., measurement of optical properties
and carbon budgeting) were identical to those described for
the primary experiment.

Results

Direct effects of photobleaching on DOM and CDOM—
Exposure of estuarine DOM to irradiation resulted in signif-
icant loss of absorptivity in UV and near-visible wavel engths
(280-550 nm) (Fig. 1). Greatest losses of CDOM were cen-
tered at 350 nm and ranged from 15.9—63.8% (expressed as
a percentage of the original a,, value), depending on the
length of exposure (Table 1). In dark controls, the decrease
in a,, was 1.6% (nonincubated dark control) and 4.0% (in-
cubated dark control). CDOM losses at a representative vis-
ible light wavelength (450 nm) were less pronounced, rang-
ing from 9.6-50.4%, depending on the length of exposure.

Decreases in DOC caused by direct photochemical min-
eralization amounted to 9.4-30.7% of the initial pool, de-
pending on length of exposure (Fig. 2). DOC loss did not
keep pace with absorptivity decreases (Table 1)—DOC loss-
es were approximately 60% of those measured for a,, dur-
ing the initial photobleaching stages but only 48% at longer
irradiation times (Fig. 2). Results from the replication ex-
periment were similar, and likewise showed that photochem-
ically mediated DOC losses did not keep pace with absorp-
tivity losses during extended photodegradation (Table 1).

Effects of photobleaching on biological degradation—
Bacterial degradation of estuarine DOC from the Satilla Riv-
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Fig. 1. Absorbance spectra of Satilla Estuary DOM (A) follow-
ing varying levels of photobleaching and (B) before and after bio-
logical degradation of the nonincubated control and the 64% pho-
tobleached treatment. Spectrain B were measured after the addition
of an inorganic nutrient solution and bacterial inoculum.

er in the absence of prior photochemical degradation oc-
curred very slowly. Over a 51-d period, only 47 uM C
(nonincubated dark control) and 58 uM C (incubated dark
control) (2.5 and 2.9% of the DOC pool) was respired by
the estuarine bacterial community, as estimated from O, con-
sumption and assuming a respiratory quotient of one. Ki-
netics of biological degradation were nearly linear over the
51-d period (Fig. 3). Furthermore, extended incubation of
the nonincubated dark control showed linearity in biological
degradation rates for up to 135 d (not shown). Such a low
and constant rate of respiration over several months of in-
cubation is consistent with the absence of a significant res-
ervoir of labile, rapidly cycling DOC in the Satilla Estuary,
probably reflecting the strong influence of watershed-derived
organic matter of soil and vascular plant origin.

Exposure of DOC from the Satilla Estuary to simulated
sunlight significantly increased subsequent rates of biologi-
cal degradation. During the 51-d hiological degradation
phase, bacteria respired 110 uM C (16% photobleached
treatment) to 153 uM C (64% photobleached treatment), as
estimated from O, consumption. When DOC losses were
expressed on a percentage basis (to account for variationsin
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Fig. 2. DOC concentration plotted as a function of CDOM ab-
sorbance during extended photodegradation of Satilla Estuary DOM
(primary experiment). CDOM was measured as absorptivity at 350
nm. The dotted line represents a theoretical 1: 1 relationship be-
tween DOC and CDOM based on initial values. The replication
experiment showed a similar relationship between DOC and CDOM
(not shown). Confidence limits (95%) for the x- and y-axes are
obscured by the data points.
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Fig. 3. Bacterial respiration of Satilla Estuary DOM during 51-
d dark incubations (primary experiment) plotted as a function of
the extent of prior photodegradation. Respiration losses were divid-
ed by initial DOC concentration to account for differencesin start-
ing concentrations between treatments. Error bars indicate the 95%
confidence limits for three replicate samples calculated by the for-
mula of Ott (1984) for difference calculations.
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Table 2. Degradation of dissolved organic carbon (DOC) during the 51-d biological degradation
phase following photobleaching. Changes (A) are expressed relative to postphotobleaching values
and are calculated from measurements of bacterial respiration (i.e., O, consumption) or DOC con-
centrations. Sample volume constraints did not permit bacterial respiration measurements in the

replication experiment.

Initial DOC ADOC (respiration-based) ADOC (concentration-based)

concentration

Experiment/treatment ~ uM C+95% pM C+95% % uM C+95% %

Primary experiment
Control (nonincubated) 1,886+32 47+3 -25 215+22 -11.4
Control (incubated) 2,004+19 58+4 —-29 20926 —-10.4
16% photobleached 1,874x27 1108 =59 261+21 —-139
25% photobleached 1,739+28 112+4 —-6.4 261+20 -15.0
44% photobleached 1,548+21 168+5 -10.9 292+20 —18.9
64% photobleached 1,386x16 154+3 -11.1 322+15 —23.3

Replication experiment
Control (nonincubated) 1,946+34 — 170+50 -8.7
Control (incubated) 1,881+43 — 171+48 -91
12% photobleached 1,728+32 — 227+35 -13.1
21% photobleached 1,563x£22 — 177+27 —-11.3
32% photobleached 1,498=27 — 170+34 —-11.3
59% photobleached 1,249+21 — 194+33 -15.5

DOC concentration at the end of the preceding photodeg-
radation phase), the susceptibility of Satilla Estuary DOC to
biological degradation increased as a function of the extent
of prior photobleaching (Fig 3). Biological degradation of
DOC based on changes in DOC concentration, though aless
sensitive measure in these experiments than respiration-
based estimates, likewise showed that exposure to sunlight
increased the susceptibility of the remaining DOC pool to
biological degradation (Table 2). The solar simulator repli-
cation experiment showed similar trends in biological reac-
tivity with progressive photobleaching (Table 2).

Alterations to spectral slope coefficient—Photodegrada-
tion of Satilla Estuary DOM modified the spectral slope (i.e.,
the absolute value of the slope of the plot of log absorptivity
vs. wavelength) (Table 1). Spectral slopes in the primary
experiment (calculated over the wavelength range of 290—
400 nm using the nonlinear least-squares regression method;
Zepp and Schlotzhauer 1981) ranged from 0.0141 (in the
dark controls) to 0.0156 (in the 64% photobleached treat-
ment) and increased with length of irradiation. Spectral
slopes in the replication experiment ranged from 0.0146 (in
the dark controls) to 0.0155 (in the 59% photobleached treat-
ment), although the spectral slope did not substantially in-
crease in this experiment until the samples were extensively
photodegraded (59% photobleached treatment).

Bacterial degradation did not affect spectral slope in the
dark controls, but decreased the absolute value of the spec-
tral slopes (i.e., shifted slopes in the opposite direction to
the photochemical shifts) for al photobleached treatments
(Fig. 4). Following the 51-d biological degradation phase,
spectral slopes ranged from 0.0141 (in the dark controls) to
0.0153 (in the 64% photobleached treatment).

Calculation of spectral slopes over a longer wavelength
interval (290—700 nm), or using the more traditional linear
|east-squares fit to log-transformed data, gave similar results,

although the r2 values for the linear least-squares method
(0.96 to 1.0) were slightly lower than for the nonlinear model
(0.99 to 1.0). Results of the replication experiment likewise
showed bacterially mediated decreases in spectral slope for
DOM that had first been photodegraded (Fig. 4).

Alterations to fluorescence properties—Photodegradation
of Satilla River DOM removed 56% of the original natural
fluorescence in the 63% photobleached treatment. In con-
trast, loss of fluorescence during the biological degradation
treatment phase was only 4% (Table 3).

We compared fluorescence intensity of four regions of the
excitation—emission matrix, including a primary fluorescence
peak from dissolved humic substances (peak A), a secondary
humic-substances peak characteristic of terrestrially derived
DOM (peak C), a secondary humic-substances peak char-
acteristic of marine-derived DOM (peak M), and a peak at-
tributable to fluorescence from aromatic amino acids, pri-
marily tryptophan (peak T; Caoble 1996; Mayer et al. 1999,
see Fig. 5). C fluorophores were somewhat more susceptible
to photochemical degradation than A and M fluorophores
and total fluorescent dissolved organic matter (FDOM) (Ta-
ble 3). An increase in amino acid fluorescence (peak T) was
seen in dark controls, indicating that bacterial transformation
of nonphotodegraded estuarine DOM can be a source of new
fluorophores. T fluorophores also appeared to be less sus-
ceptible to photodegradation (Table 3). FDOM responses in
the replication experiment were similar to those in the pri-
mary experiment.

Relative DOM, CDOM, and FDOM degradation—Chang-
es in bulk DOC concentrations were compared to changes
in CDOM (measured as integrated absorbance in the 250—
500 nm wavelength range) and FDOM (measured as inte-
grated fluorescence at excitation wavelengths from 250-500
nm). Bulk DOM was lost more slowly than was color or
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Fig. 4. Absolute values of the spectral slope coefficient, S for
Satilla Estuary DOM following photochemical and biological deg-
radation. Postphotodegradation Svalues were calculated for samples
that had been prepared for biological degradation (i.e., following
addition of inoculum and nutrients) to alow direct comparison with
posthiological degradation data; for this reason, the values may dif-
fer dlightly from those in Table 1. All samples were filtered (0.2-
um pore size) prior to optical analysis. Control N = nonincubated
dark control. Control | = incubated dark control. Error bars repre-
sent the standard error for the estimate of S.

fluorescence during both photochemical and biological de-
composition, with rates of DOM removal approximately
60% of the removal of CDOM and FDOM pools. FDOM
losses outpaced CDOM losses during photobleaching, but
were lower than CDOM losses during biological degradation
(Table 3).

When CDOM and FDOM |osses were expressed on a per-
centage basis (to account for differing pool sizes at the be-
ginning of the biological degradation phase), the relative sus-
ceptibility of Satilla Estuary CDOM and FDOM to
biological degradation increased after photobleaching. In the
primary experiment, bacterial degradation of CDOM
amounted to 19% of the pool that remained after long-term
photobleaching (compared with 9.7% of the nonbleached
pool); similarly, bacterial degradation removed 17% of the
FDOM pool that remained after extended photobleaching
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(compared with 4.4% of the nonbleached). The solar simu-
lator replication experiment showed similar increases in bi-
ologica reactivity of the material that remained after ex-
tended photobleaching (13% of the bleached CDOM vs. 5%
of the nonbleached; 10% of the bleached FDOM vs. 0% for
the nonbleached). Considering photochemical and biological
losses together, 38% of the original DOM, 59% of the
CDOM, and 63% of the FDOM was removed when exten-
sive photodegradation was followed by long-term biological
degradation (Table 3).

Discussion

Our experimental results address two aspects of DOM
photochemistry in coastal environments: 1) the potential role
of photochemical processesin controlling the residence time
of terrestrially derived DOM in the ocean, and 2) the influ-
ences of photochemical processes on terrestrialy derived
light-absorbing material resident in coastal systems.

Terrestrial DOM in the ocean—Although terrestrial DOM
is expected to be highly resistant to biological degradation,
current understanding of oceanic DOM pools and fluxes in-
dicates that it has a shorter residence time in the ocean than
does marine-derived (presumably more labile) DOM (Hedg-
es 1992). Recent speculations on this problematic aspect of
the global carbon budget have focused on photodegradation
as a mechanism by which the residence time of terrestrially
derived DOM in the ocean could be decreased, both through
direct photochemical mineralization to dissolved inorganic
carbon and CO (Miller and Zepp 1995; Amon and Benner
1996) and stimulation of biological mineralization (Kieber
et al. 1989; Miller and Moran 1997). In this case, photo-
chemical reactivity, rather than biological reactivity, would
be the key factor controlling DOM residence time in sea-
water. Models assuming first-order photodegradation kinetics
of terrestrial DOM in seawater predict half-lives as short as
1.5 yr for riverine DOM in the ocean mixed layer (Mopper
et a. 1991; Miller and Zepp 1995). The accuracy of these
models, however, ultimately depends on the time scales over
which photochemically mediated DOM losses operate and
the kinetics of the photodegradation process, both of which
are poorly understood.

Our results provide evidence that a significant fraction of
the terrestrially derived DOM pool can be photodegraded
during extended exposure to low levels of sunlight. Signif-
icant losses of DOC (>30%), CDOM (>50%), and FDOM
(>55%) occurred throughout long-term exposures of Satilla
Estuary DOM to sunlight. Results of our laboratory studies
concur with the direct field observations of Vodacek et al.
(1997) of extensive photobleaching of terrestrially derived
DOM on the continental shelf of the Middle Atlantic Bight
and with the observations of Opsahl and Benner (1998) of
rapid photodegradation of terrestrially derived lignin phenols
in seawater.

Assessment of the importance of photodegradation as a
mechanism for controlling turnover of terrestrial DOM in
the ocean is complicated by a number of unresolved issues.
First, evidence is accumulating that exposure to sunlight can
in some cases decrease, rather than increase, subsequent
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Table 3. Relative changes in carbon concentration, color, and fluorescence in Satilla Estuary dissolved organic matter (DOM) during
long-term photobleaching and biological degradation. Changes (A) are expressed relative to the initial sample and are based on DOC
concentrations (DOM), absorbance integrated from 250 to 500 nm (CDOM), and fluorescence integrated over the region defined by 250—
500 nm excitation and 290-650 nm emission (FDOM). Fluorescence was also integrated over subsets of the excitation/emission matrix
representing region A (defined as part of a circle centered at 150 nm Ex and 460 Em with a radius of 125 nm), region C (345 Ex, 460
Em, 25 nm radius), region M (312 Ex, 420 Em, 25 nm radius), and region T (275 Ex, 330 Em, 25 nm radius)(see Fig. 5). EXEm values
indicate wavelength of excitation and emission for the fluorescence maximum in the combined C and M regions. Photo alone, only subjected
to photobleaching; bio alone, only subjected to biological degradation (i.e., dark control); photo plus bio, sequential photobleaching and

biological degradation.

) Fluorescence
ADOM ACDOM  AFDOM AFDOM regions (%) maximum

Experiment/treatment (%) (%) (%) A C M T EX/Em
Primary experiment

initial 323/447

photo aone (64%) —30.7 —49.5 —55.5 —53.7 —61.1 —52.7 —44.6 310/434

bio alone (51 d) —-2.9 -10.6 —44 -11.2 —-12.2 -119 +112.0 320/445

photo plus bio -38.4 -59.0 -62.9 -62.0 -66.9 —62.6 —55.3 313/439
Replication experiment

initial 331/446

photo aone (59%) -35.8 -52.9 -66.0 -61.5 —66.8 —56.4 -37.0 312/429

bio alone (51 d) -9.1 —-3.7 +0.2 +0.1 -0.5 -0.8 +22.5 331/452

photo plus bio —45.8 -58.8 —69.3 -67.5 —70.6 -64.1 —24.6 315/430

rates of biological degradation of DOM in surface seawater
(Benner and Biddanda 1998; Obernosterer et al. 1999), pre-
sumably because the photochemical formation of biologi-
cally refractory compounds outpaces the formation of bio-
logically labile compounds. However, our experiments with
terrestrial DOM from a southeastern U.S. estuary show con-
sistently positive net effects on biological degradation, ex-
tending at least to the point where two-thirds of the photo-
chemically reactive DOM has been removed. These results,
combined with studies from marine and freshwater ecosys-
tems that point to recently produced agal-derived DOM as
the main target of inhibitory effects (Benner and Biddanda
1998; Tranvik and Kokalj 1998), suggest that the net effect
of sunlight exposure on terrestrial (perhaps primarily vas-
cular plant derived) DOM in estuaries and coastal oceans is
to enhance its biological availability.

A second issue related to understanding the long-term ef-
fects of photodegradation on terrestrially derived DOM in
the ocean is the presence of nonphotoreactive components
of the DOM pool. Measures of lignin-derived phenols in
Mississippi River water suggested a residual, nonphotoreac-
tive fraction equivalent to 25% of the original material (Op-
sahl and Benner 1998). Likewise, studies of photochemical
dissolved inorganic carbon formation in coastal seawater in-
dicate that only 15% of the DOC pool is susceptible to direct
mineralization during extensive photobleaching (Miller and
Zepp 1995). We examined the Satilla Estuary results for ev-
idence of a nonreactive component by fitting the data to two
competing exponential decay models, one with a residual
(nonreactive) component and one without. For losses of
DOC directly mediated by photochemistry (i.e., photo-
bleaching phase alone), a better fit was obtained with the
residual model (r2 = 0.98 and 0.96 for the primary and rep-
lication experiments) than with the simple exponential model
(r2 = 0.88 and 0.84). The difference between the models
was statistically significant (F test discrimination among

competing models, P < 0.05; Robinson 1985), with the re-
sidual model predicting a nonreactive component equal to
69% (primary experiment) and 65% (replication experiment)
of the origina DOC.

We repeated the curve-fitting exercise after including
DOC losses caused by photochemically stimulated biologi-
cal mineralization of DOC (i.e., the photoproducts that ini-
tially remain as part of the DOM pool but were subsequently
mineralized by biological routes; Miller and Zepp 1995).
This pool of labile DOM photoproducts was estimated as the
enhanced bacterial respiration of DOC that occurred follow-
ing photodegradation (during the 51-d biological phase). As
before, the total loss of DOC (the sum of direct photochem-
ical degradation plus photochemically enhanced biological
degradation) was best modeled with a residual component
(r2 = 0.98 and 0.92 for the primary and replication experi-
ments) than without (r? = 0.89 and 0.82), and the difference
between the models was statistically significant (P < 0.01)
for the primary experiment.

The results of this curve-fitting exercise are not presented
as an argument for the existence of a completely nonpho-
toreactive component of terrestrial DOC. The approach is
limited by the small number of time points (n = 5) that
precludes a robust test of other, more parameter-rich models
that may fit the data equally well or better (for example, the
sum of exponentially degrading fast and slow components,
or the sum of multiple linearly degrading components).
Nonetheless, the results indicate that simple first-order mod-
elsdo not provide the best fit for long-term photodegradation
of terrestrial carbon because the amount of sunlight required
to bring about an equivalent proportional loss of the DOC
pool increases as photodegradation progresses, even when
delayed DOC mineralization that occurs via enhanced bac-
terial activity is considered. This pool of resistant DOC may
represent components of the origina materia that are es-
pecialy refractory to photochemical degradation, or it may
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Fig. 5. Excitation/emission fluorescence matrix for Satilla Es-
tuary DOM (initial sample; primary experiment) shown as (A) a
three-dimensional plot and (B) a contour plot with locations of the
four major fluorophore regions (Coble et a. 1996) indicated. Fluo-
rescence is expressed in quinine sulfate equivalents.

represent the conversion of original material into photo-
chemically refractory forms during exposure to sunlight
(Benner and Biddanda 1998; Tranvik and Kokalj 1998; Ob-
ernosterer et al. 1999). In either case, predictions based on
first-order models are likely to overestimate the photochem-
ical removal rate of terrestriadl DOM from the ocean.
Similar model comparisons for CDOM bleaching, how-
ever, showed that the experimental data were adequately de-

1261

scribed by a simple exponential decay model and that in-
voking a more complex residual model did not provide a
statistically better fit. Thus CDOM bleaching and DOC re-
moval may be uncoupled during long-term photodegradation
of terrestrial material in the ocean. From a theoretical stand-
point, a pure chromophore in an optically thick solution (i.e.,
a solution that absorbs all incident sunlight) would be ex-
pected to bleach linearly rather than exponentially (Zepp and
Cline 1977), adthough a complex mixture of chromophores
with varying rates of direct or sensitized photobleaching
could produce an aggregate curve that is best fit by an ex-
ponential model (Zepp 1988).

Light-absorbing DOM in coastal environments—CDOM
absorption typically dominates total UV absorption in sea
water (DeGrandpre et al. 1996). In coastal environments, this
dominance can extend into visible wavelengths (Nelson and
Guarda 1995), and thus CDOM can compete with primary
producers for photosynthetically available radiation, as well
as contribute to error in satellite estimates of chlorophyll and
primary production. In estuaries and coastal regions, CDOM
exported from rivers and coastal marshes is the primary
source of light-absorbing material, and thus its photochem-
ical and biological degradation are critical determinants of
the optical properties of the resident seawater.

The spectral slope parameter provides a mechanism for
estimating CDOM absorptivity across the solar spectrum and
comparing optical properties of CDOM over time and space
(Zepp et a. 1998). The current lack of consistency in how
spectral slopes are calculated (with regard to wavelength re-
gion and computation method) makes direct comparisons
across studies problematic (Coble and Brophy 1994). None-
theless, the spectral slopes computed in this study for Satilla
River CDOM (0.0137 to 0.0156) are similar to those re-
ported in other estuaries and coastal regions, including the
continental shelf of the southeastern United States into
which the Satilla River drains (0.0173; Nelson and Guarda
1995) and the Middle Atlantic Bight (0.014 to 0.020; Vod-
acek et al. 1997).

It has been suggested that both photochemical and bio-
logical processes can modify CDOM spectral slopes (Miller
1994; Vodacek et a. 1997). Our results show that photo-
chemical degradation of terrestrial DOM generally causes an
increase in the absolute value of the spectral slope, athough
this is most evident in extensively photodegraded CDOM.
These results are in agreement with several field and labo-
ratory studies (Vodacek et a. 1997; Del Vecchio, Vodacek
and Blough in prep.), but not with all previous studies of
DOM photodegradation (Miller 1994; Gao and Zepp 1998;
Del Cadtillo et al. 1999). Previous work suggests that dis-
solved compounds of lower molecular weight (as might be
expected to result from extended photodegradation) exhibit
higher spectral slopes (Carder et a. 1989; Pages and Gadel
1990), but this trend is not consistent across all natural wa-
ters (Mopper et al. 1996).

Biological degradation did not affect the spectral slope
when the CDOM had no prior history of photochemical deg-
radation, indicating that the small amount of CDOM that
could be removed by bacteria (Table 3) was removed rela-
tively evenly across al wavelengths. These results concur
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Fig. 6. Location of fluorescence excitation/emission maxima in
the region of the C and M fluorophores for Satilla Estuary DOM
for the nonincubated control (open circle), and following extensive
photobleaching (64% photobleaching treatment), biological degra-
dation (51-d biodegradation treatment), and sequential photobleach-
ing and biological degradation (closed circles). The control maxi-
mum (open circle) is repeated on al panels. The replication
experiment exhibited similar shifts in the location of the excitation/
emission maxima (not shown). Contour lines are drawn at five qui-
nine sulfate equivalent intervals.

with those of Pages and Gadel (1990). For DOM that had
undergone photodegradation, however, consistent decreases
in the absolute value of the spectral slope were evident (Fig.
4). Sequential photochemical and biological degradation of
terrestrial CDOM therefore results in compensating effects
on the spectral slope that dampen shifts occurring from pho-
tobleaching alone.

Fate of FDOM during long-term photobleaching—FDOM
removal was dlightly biased toward fluorophores attributed
to terrestrially derived humic substances (C region fluoro-
phores) on a percentage basis (Table 3), as well as in ab-
solute units. Del Cadtillo et al. (1999) found decreases in
wavelengths for the emission maxima of fluorophores in the
C and M regions (treated as a combined H fluorophore) in
the Orinoco River plume that they attributed to photodeg-
radation. Our experiments likewise show that the excitation
and emission maxima of these fluorophores decrease during
photodegradation (Table 3), a shift that is the predicted result
of preferential photobleaching of the C region fluorophores
(Fig. 6). Bacterial degradation shifted the excitation/emission
maxima in the opposite direction, although very dightly, for
both photodegraded and nonphotodegraded material (Fig. 6).
Thus as for spectral slope, we found that biological activity
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dightly reversed the changes in DOM optical properties
caused by photodegradation.

We saw significant photochemica degradation of A fluo-
rophores (the primary fluorescence peak from dissolved hu-
mic substances) in Satilla River DOM, in contrast with field
results from the Orinoco River plume suggesting that A fluo-
rophores are not susceptible to photobleaching (Del Castillo
et al. 1999). The most dynamic portion of the Satilla EEMs
was the T region that has been previously attributed to fluo-
rescence from aromatic amino acids (Coble 1996; Mayer et
al. 1999). T region fluorophores were produced by bacteria
from Satilla River DOM and were less susceptible to pho-
todegradation than the humic substances fluorophores. Thus
these fluorophores may be an indication of recent bacterial
decomposition activity, at least for DOM of estuarine or ter-
restrial origin.

A vascular plant-influenced end member—The Satilla
River delivers 47 X 10° t of terrestrially derived DOC to the
coastal ocean of the southeastern United States each year,
about 60% of which is operationally defined as humic sub-
stances. This material is both highly colored (mean a, val-
ues of 72 m~* for six sample dates from December 1997
through March 1999) and highly fluorescent (mean fluores-
cence at Ex 360/Em >450 nm of 595 quinine sulfate units),
and the temporal variation in color and fluorescence is large
(up to threefold among our six sample dates). As may be
typical of blackwater systems, the Satilla River represents a
vascular plant-derived end member for estuarine DOM, char-
acterized by an abundance of organic matter chemically sim-
ilar to soil fulvic acids (Beck et al. 1974) and by a shortage
of recent algal-derived organic matter. In keeping with these
characteristics, Satilla River DOM had the highest aromatic-
ity in an intercomparison of several U.S. estuaries (Hopkin-
son et al. 1998), whereas the biological lability of Satilla
Estuary DOC (only 2-3% of the DOC pool; Table 2) was
significantly lower than the U.S. estuaries (Hopkinson et al.
1998) and the worldwide riverine average (19% of the DOC
pool; Sgndergaard and Middelboe 1995).

Our studies of this vascular plant-influenced end member
indicate that photochemical processes efficiently remove car-
bon, colored components, and fluorescent components from
the DOM pool and that these losses are mediated either by
long periods of low-intensity irradiation or short periods of
high-intensity irradiation. Biological removal of DOM,
CDOM, and FDOM is consistently stimulated by prior pho-
tobleaching, even for extensively photodegraded material,
and biological activity partially reverses changes in optical
properties due to photobleaching. Whereas the results for
this estuarine system are consistent and repeatable, there is
little comparative information available for estuarine DOM
that is lower in vascular plant and soil influences and higher
in contributions from younger (recently produced) or algal-
derived organic matter. Current understanding of the fate of
terrestrialy derived DOM in the ocean will directly benefit
from comparative studies of diverse sources of terrestrial
DOM to the coastal ocean.
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