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ABSTRACT

Wetlands and tidal marshes in the Rhode River estuary of the

Chesapeake Bay act as important sources of dissolved organic

carbon and strongly absorbing dissolved organic matter (DOM)

for adjacent estuarine waters. The effects of solar exposure on the

photochemical degradation of colored DOM (CDOM) were

examined for material derived from different sources (estuarine

and freshwater parts of the Rhode River, sub-watershed stream,

marshes) in this estuarine ecosystem. Consistent with changes in

fluorescence emission, absorption loss upon exposure to different

portions of the solar spectrum (i.e. different long-pass cut-off

filters) occurred across the entire spectrum but the wavelength of

maximum photobleaching decreased as the cut-off wavelength of

the filter decreased. Our results illustrate that solar exposure can

cause either an increase or a decrease in the CDOM absorption

spectral slope, SCDOM, depending on the spectral quality of

irradiation and, thus, on the parameters (e.g. atmospheric

composition, concentration of UV-absorbing water constituents)

that affect the spectral characteristics of the light towhichCDOM

is exposed. We derived a simple spectral model for describing the

effects of solar exposure on CDOM optical quality. The model

accurately, and consistently, predicted the observed dependence of

CDOM photobleaching on the spectral quality of solar exposure.

INTRODUCTION

Dissolved organic matter (DOM), a major reservoir of

organic carbon in the ocean, plays a central role in many
biological and chemical processes in aquatic ecosystems,
affecting carbon budgets, nutrient availability and ecosystem
productivity (1–3). The colored fraction of DOM, CDOM, is

one of the key water constituents determining the underwa-
ter light field, affecting ocean color and aquatic photochem-
istry (4–6). Estuarine and coastal margin ecosystems, such as

the Chesapeake Bay and its surrounding wetlands, are
complex and dynamic environments of intense DOM cycling
in which DOM amount, quality and distribution reflect a

balance between inputs and decomposition. In these systems,
inputs include seasonal in situ production and organic matter

of terrestrial and intertidal origin introduced through river
run-off, wetland discharges and tidal exchanges (e.g. 1,7–9).

Despite large inputs, DOM of terrestrial and intertidal origin
contributes only a small part of the total DOM pool in the
global ocean, suggesting rapid cycling and high mineraliza-
tion rates of these components within estuaries and coastal

marine environments (10,11).
Photochemical and biological degradation processes play

critical roles in regulating the residence time, cycling and fate

of CDOM and dissolved organic carbon (DOC) in near
shore waters (e.g. 12,13). Biological degradation is mediated
primarily by bacterioplankton that use the labile DOM

fraction for growth and respiration. Photochemical alter-
ation of CDOM during solar exposure generates a variety of
photoproducts, including reactive oxygen species (14), atmo-
spherically important trace gases, such as CO, CO2 and COS

(e.g. 5), and low molecular weight labile carbonyl com-
pounds that are readily available for consumption by
microbial communities (3,15). This photochemical–biological

coupling is not completely understood and previous studies
have shown that photochemistry may form, as well as
destroy, biological carbon substrates (e.g. 12,16,17). Accord-

ing to Tranvik et al. (18) the net outcome of competing
stimulatory and inhibitory effects of photochemical processes
on the bioavailability of DOM varies across different

environments depending on their water chemistry and on
the origin and composition of DOM. Although marsh DOC
inputs have been shown to contribute significantly to the
carbon budget of the coastal zone (e.g. 7,10,19), the

composition and optical properties of marsh-derived CDOM
remain largely uncharacterized. Thus, we know little about
the susceptibility of this material to photodegradation, or on

the effects of solar exposure on its bacterial availability. One
of the main objectives of this study was to provide some
information on the optical quality and photoreactivity of

the dissolved organic compounds exported from a tidal
marsh system of the Chesapeake Bay. Brackish and fresh-
water tidal marshes cover a large area (about 70 000 ha)

along the western and eastern Bay shores, potentially playing
an important role in the complex photochemical and
biogeochemical processes taking place in the Bay system.

The change in CDOM chemical structure during solar

exposure is reflected in changes in its optical properties (e.g.
5,20) that provide a first-order measure of the photoreactivity
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of CDOM in a water body of interest. CDOM absorption
spectra, aCDOM (k), are relatively featureless, typically show-
ing an exponential increase with decreasing wavelength in the
UV–visible range (4). The absorption spectral slope coeffi-

cient, SCDOM, determines the rate of the exponential decline
of CDOM absorption with wavelength and has been found
to be typically larger for fulvic acids than humic acids, and to

decrease with increasing molecular weight and increasing
aromaticity (21,22). Dissolved organic compounds fluoresce
when excited by light in the UV-blue wavelength region, with

larger, highly aromatic molecules typically showing stronger
fluorescence at longer wavelengths (i.e. longer than 400 nm)
and smaller structures with lower aromatic carbon content

contributing mostly to short wavelength emission (23–25).
Previous studies suggest that photochemical processes, in
addition to the bleaching of CDOM absorption and fluor-
escence magnitude, modify CDOM absorption and fluores-

cence spectral characteristics. Moran et al. (20) found that
solar exposure changed the fluorescence spectral properties of
terrestrially-derived CDOM, through preferential photo-

bleaching of fluorophores attributed to terrestrially derived
humic substances. Photochemical alterations of the CDOM
absorption spectral shape (i.e. SCDOM) remain obscure, with

some studies showing that solar exposure causes an increase
in SCDOM (e.g. 5,20,26) and others reporting a decrease in
SCDOM during photobleaching (e.g. 8,27–29). In most of
these studies CDOM was exposed to the full spectrum of

natural or artificial sunlight.
The spectral characteristics of the light irradiating DOM

in near shore waters depend on various parameters such as

latitude, season, atmospheric composition (e.g. ozone
amounts), water constituents (e.g. UV-absorbing detritus
and inorganic particles) and water depth. Yet, only a few

published studies have focused on how the spectral quality
of polychromatic solar exposure affects CDOM photo-
bleaching. One approach to derive a quantitative relation-

ship between CDOM photobleaching and solar spectral
irradiance is using apparent quantum yield (AQY) spectra
determined by a series of irradiations with monochromatic
light (30–32). This approach, however, does not capture

potential interaction effects between wavelengths that are
present simultaneously in natural sunlight (33,34). Another
approach for determining AQY spectra for DOM photo-

products makes use of optical cut-off filters that allow
exposure to specific portions of the solar spectrum (e.g.
29,30,33,35). Using a series of nine optical cut-off filters and

spectral weighting functions (e.g. 6), Osburn et al. (36)
demonstrated the spectral dependency of solar UV
photobleaching of CDOM from lake waters. In their study,
Osburn et al. determined photobleaching as the loss of

dissolved absorption averaged over the wavelength band
of 280–500 nm. Thus, their approach did not provide
information on the spectral shifts in the CDOM absorption

spectrum after photobleaching. The main focus of our study
was to examine how the spectral quality of solar exposure
affects the fluorescence and absorption spectral charac-

teristics of CDOM from different sources (fresh-
water, estuarine-dominated and marsh-exported DOM) in
a highly dynamic, marsh-estuarine system, and, subse-

quently, derive a simple predictive model to describe these
changes.

MATERIALS AND METHODS

Study site and sample collection. The Rhode River is a turbid,
eutrophic sub-estuary on the western shore of the Chesapeake Bay in
Maryland (38.88�N, 76.53�W). The sub-estuary is surrounded by a
2300-ha watershed, with soils high in nitrogen and phosphorus, and
an 88-ha intertidal zone, composed of about 32 ha of mudflats and
tidal creek channels, 20 ha of high-elevation marshes and about
36 ha of low-elevation marshes (37). Mean depth in the Rhode River
is 2 m, with a maximum of nearly 5 m (38). Salinity varies seasonally
from 5 to 18 at the mouth, depending mainly on the flow of the
Susquehanna River, and from 0 to 14 at the head, depending mainly
on local flow of Muddy Creek, the principal freshwater source to the
sub-estuary (39). The mean tidal amplitude in the Rhode River is
0.3 m, but changes in water level are additionally affected by weather
conditions (40).

Photobleaching experiments were performed on DOM samples
collected from four sites in the Rhode River estuary and watershed, in
August and September 2004 (Fig. 1, Table 1). Sample 1A was collected
from the mouth of the Rhode River to the Chesapeake Bay (estuarine-
dominated sample). Samples 6C and 101 (freshwater-dominated
samples) were collected, respectively, from upstream Muddy Creek
and from a stream draining a 226-ha subwatershed of the Rhode River
having a mixed land use (38% forest, 10% row crops, 27% pasture and
hay fields, 6% residential and 19% old fields) (41). Sample HM was
collected from water draining off of a tidal marsh at ebbing tide. The
high-elevation, brackish Kirkpatrick marsh, south of Muddy Creek
(Fig. 1), is 0.4–0.6 m above mean low water and is primarily vegetated
by Spartina patens, S. cynosuroides, Distichlis spicata, Iva frutescens
and Scirpus olneyi. Previous studies suggest that the marsh is fully
submerged 2% of the time and that the marsh creek drains an area of
about 3 ha (42).

Water samples were filtered using 0.22 lm pore-diameter mem-
brane filters to separate the dissolved material. Filtered water was
stored in the dark at 4�C for less than 10 days before exposure to
natural sunlight. Before optical analysis the samples were warmed to
room temperature.

Photobleaching. To examine the effects of solar exposure on
CDOM fluorescence and absorption spectral characteristics, DOM
was exposed to natural sunlight over a time period of several days
using the methods of Osburn et al. (36). A series of eight Schott
optical long-pass cut-off filters were used to examine how the spectral
quality of light irradiating the dissolved material affects CDOM optical
quality. Cut-offs (50%T) for the filters were 288, 305, 317, 332, 357, 375,
389 and 395 nm. In total, we used eight optical treatments, a ‘‘no filter’’
(NF) treatment and a dark control (DK), each composed of two

Figure 1. Location of the four sites sampled in the Rhode River sub-
estuary.
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replicates. Samples were placed in flanged quartz tubes (15 cm length,
2 cmdiameter) and sealedwith silicone stopperswrapped inacid-washed
Teflon tape (36) to exclude potential contamination of the sample from
compounds shown to leach from silicone (43). The quartz tubes are 99%
pure, transmittingwell below280 nm.All exposuresoccurredon the roof
of the Chemistry Building of the US Naval Research Laboratory,
Washington, DC. The tubes were placed in black plastic boxes (painted
flatblackon the inside tominimize reflectance) andwere coveredwith the
appropriate filter for exposure atdifferentportionsof the solar spectrum.
Boxes and tubes were kept at constant temperature during the exposure,
floating horizontally at the surface of a tank filled with water.

The samples were exposed to solar radiation for ca 3 days (15–18
August for samples 1A, 6C, and 21–23 September for samples 101 and
HM) in a water bath to buffer temperature. Solar attenuation by the
water bath was negligible. After exposure, samples were stored in the
dark at 4�C for less than 1 day until further optical analysis. Measured
changes in CDOM optical properties were used to fit a spectral model
of solar photobleaching as described in the modeling section.

Dissolved organic carbon. Dissolved organic matter samples were
put into cleaned and precombusted (500�C, 5 h) glass vials for
dissolved organic carbon analysis. To each vial, a few drops of 85%
H3PO4 was added to decrease the sample pH to <3, converting all
dissolved inorganic carbon (DIC) to CO2, which was removed by
sparging the sample for 10 min with ultrahigh purity He. After
removal of DIC, samples were placed in the autosampler of an OI
Analytical 1010 TOC Analyzer (College Station, TX) and DOC was
measured by heated persulfate oxidation. Two milliliters of sample was
injected into the reaction vessel and 5 mL of 200 mg L)1 persulfate
reagent was added. The sample plus reagent was heated to 98�C for
6 min, converting DOC to CO2. The CO2 was purged from the sample
with UHP He and swept past a nondispersive infrared detector.
Solutions of potassium hydrogen phthalate standard were used to
create a calibration curve over the range of 0–833 lmol C L)1.
Following the recommendations of McKenna and Doering (44),
enough persulfate was added to the sample so that any halogens
present would be oxidized along with DOC. Multiple MilliQ water
blanks were run until background counts were low and steady before
proceeding with sample analysis.

Absorption measurements.Measurements ofCDOMabsorptionwere
performed using a CARY-IV dual beam spectrophotometer. Due to the
high optical thickness of the samples, absorbance measurements were
performed using 1 cm pathlength, acid-cleaned, quartz cuvettes. Meas-
urements were baseline corrected using MilliQ water, running a new
blank before each sample. Duplicate measurements were performed for
each sample. Measurements covered the spectral range from 290 to
750 nm (1 nm bandwidth and interval). CDOM absorption coefficients
were estimated from measured optical densities (OD) after multiplying
by 2.303 and dividing by the pathlength (0.01 m for a 1 cm cuvette):

aCDOMðkÞ ¼ 2:303
OD

lg
¼ 2:303 � OD

0:01
ðm�1Þ ð1Þ

Relative absorption change during exposure was calculated as the
decrease in absorption (Da) divided by initial a.

As absorption by CDOM decreases with increasing wavelength in
an exponential fashion, the exponential slope, SCDOM, was estimated
after applying nonlinear exponential regression to aCDOM(k) values
measured in the complete spectral range of the measurements 290–
750 nm. R2 values of the nonlinear exponential fits were in almost all
of the cases larger than 0.99. Whereas variability in CDOM
absorption reflects changes in both CDOM amount and chemical

structure, variability in the mass-specific CDOM absorption is related
to variability in CDOM composition. Although not all of DOC is
colored, CDOM absorption values at 440 nm were normal-
ized to DOC concentration, a*CDOM(k) = aCDOM(440) ⁄ [DOC], as a
measure of CDOM absorption per unit organic carbon in the DOM
sample.

Fluorescence measurements. Measurements of CDOM fluorescence
were made on a SPEX Fluoromax-3 spectrofluorometer. The
fluorescence emission measured by the signal-detector, Sc, was
referenced to the signal measured by the reference-detector, Rc, in
order to monitor and correct for the wavelength response of the
Xenon lamp and excitation monochromator as well as for fluctua-
tions in the lamp power supply, according to the manufacturer’s
protocol. Emission and excitation correction-factor files were applied
according to the manufacturer’s instructions to correct for the
wavelength dependencies of the optical components of each mono-
chromator and the detectors themselves. Fluorescence spectra were
corrected for absorption within the sample (inner-filter effect)
according to McKnight et al. (25) and using the CDOM absorption
spectra measured spectrophotometrically. Bandwidths were set to 5 nm
for both excitation and emission. A spectrum of MilliQ water was
subtracted as a blank to correct for Raman effects.

The synchronous fluorescence (SF) technique was used as a tool for
investigating variability in composition and optical properties of
CDOM in this marsh-estuarine system. An SF spectrum is a subset of
the excitation–emission matrix in which excitation and emission are at
a constant wavelength offset (dk = kem)kexc) (23,45). Long wave-
length features in SF spectra are typically associated with the presence
of high molecular weight CDOM of terrestrial origin (24,36,46). A
wavelength offset of dk = 14 nm was used in our SF measurements
(kexc in the range 330–600 nm, 1 nm resolution) based on previous
results showing that this wavelength offset is optimal for resolving
differences in CDOM between sources (24). This wavelength offset is
also a good compromise between more structural features and lower
signal to noise ratios in the SF spectra.

Spectral irradiance. Irradiance in the range 290–330 nm was
measured with a narrow band, multi-filter radiometer, the SR18
(designed, fabricated and calibrated by the Solar Photobiology
Laboratory of the Smithsonian Environmental Research Center).
Full description of the instrument characteristics is given by Neale
et al. (47). Briefly, the instrument consists of a cosine-corrected
diffuser, interference filters that are rotated through the light path
on a filter wheel and a solar-blind photo-multiplier tube. Incident
solar UV-B spectrum is defined with 18 filters with nominal 2 nm
full width at half-maximum (FWHM) bandwidths, spaced at 2 nm
intervals from 290 to 324 nm. A 19th channel measures the far
UV-A at 330 nm with a 10 nm FWHM bandwidth interference
filter. The instrument was located adjacent to the exposure site and
spectra were acquired at 4 s intervals and recorded as 12 min
averages. These spectra were extended over the UV and PAR range
(290–700 nm) using a radiative transfer model (System for Transfer
of Atmospheric Radiation or STAR) using the procedure described
by Neale et al. (47). Spectra of cumulative incident radiant energy
over the exposure period were multiplied by the spectral transmis-
sion of each treatment. Absorbed energy (Ha(k), J m)2 nm)1)
for each treatment was calculated using the procedure of Osburn
et al. (36).

Spectral photobleaching model.Measured changes in CDOM optical
properties were used to estimate parameters of a spectral model of
photobleaching. We modeled the relative change in CDOM absorption
at wavelength ko, Da ⁄ a (ko), according to:

Table 1. CDOM fluorescence and
absorption properties of samples from
the Rhode River and associated water-
shed before exposure (see Fig. 1 for
sample locations).

Sample Collection date
[DOC]
(mg L)1) SFem=365 SFratio

aCDOM(440)
(m)1)

SCDOM

(nm)1)
a*CDOM(440)

(m2 g)1)

1A 5 August 2004 5.1 17Æ104 0.36 0.63 0.0174 0.123
6C 5 August 2004 10.3 62Æ104 0.41 2.33 0.0168 0.226
101 13 September 2004 6.2 57Æ104 0.23 1.27 0.0176 0.205
HM 17 September 2004 11.15 59Æ104 0.63 6.20 0.0148 0.556

CDOM = colored dissolved organic matter; DOC = dissolved organic carbon.
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Da
a

jj; koð Þ ¼
Z700 nm

200nm

Haðjj; kÞ�WðkÞ �WSFðk; koÞ � dkþ c2 ð2Þ

where ko is the wavelength where we measure the absorption loss, jj is
the cut-off filter (irradiation treatment), integration is over the spectral
range 200 to 700 nm, Ha(jj, k) is the absorbed solar exposure
(J m)2 nm)1) at wavelength k for the cut-off filter jj, W(k) is the
spectral efficiency for photobleaching (relative absorption change per
[J m)2]) modeled as W(k) = exp (mo + m1Æk), WSF(k, ko) (nondi-
mensional) is the wavelength spread function (assumed here to be

Gaussian), WSFðk; koÞ ¼ expð� ðk�ðkoþc1ÞÞ
2

spread
2 Þ, spread is related to the

FWHM bandwidth for the Gaussian spread function
(FWHM ¼ 2 �

ffiffiffiffiffiffiffiffi
ln 2
p

� spread), and c1 (nm), c2 (nondimensional) are
constants for a wavelength offset in the Gaussian function and
nonspectral photobleaching, respectively. While the nonspectral
bleaching component is represented by a constant (c2) in our analysis,
we expect that it actually must depend on parameters such as total
amount of irradiation and CDOM photo-reactivity. As will be shown
later, a constant gives a good fit for the data presented here due to the
small size of the component (see Results section) and similarity in total
irradiance between treatments. Solar simulator exposures (currently
underway) with a larger range of irradiance will hopefully provide
sufficient data to formulate a more general representation in the future.
The choice of functional form of the spread function, which was
guided by previous results on the multiple wavelength effects of
monochromatic exposure (32), is discussed in more detail in the
Results and Discussion sections.

Parameters were estimated using nonlinear regression of predicted
vs observed Da ⁄ a (jj, ko), minimizing RMS error over the spectral
range of 290–450 nm for each sample. 95% confidence intervals were
estimated from the asymptotic variance–covariances of final param-
eter estimates, using the number of treatments—number of param-
eters as a conservative estimate of the degrees of freedom of
t. Calculations were performed in MATLAB using the nlinfit and
nlparci functions.

RESULTS

DOC concentrations

Concentrations of DOC before exposure to solar radiation
were 5.1 and 10.3 mg L)1, respectively, at the estuarine

(station 1A) and freshwater (station 6C) parts of the Rhode
River in August (Table 1). Freshwater sample 101, collected
from the subwatershed stream in September, had initial [DOC]
of 6.2 mg L)1, while water draining off of the Kirkpatrick

marshes 4 days later was almost two-fold higher in DOC, with
[DOC] = 11.15 mg L)1.

Solar exposure effects on CDOM fluorescence

Initial (before exposure) fluorescence characteristics were con-
siderably different among the four collected CDOM samples
(Fig. 2, dark control), reflecting the differences in concentration

and composition of CDOM in the Rhode River estuarine
environment. Sample 1A, collected from the estuarine-domin-
ated waters at the mouth of the Rhode River to the Chesapeake

Bay, had the lowest SF (fluorescence was also lower relative to
the other samples over the whole surface of excitation–emission
matrices, data not shown). SF at emission 365 nmwas of similar
magnitude in the freshwater and marsh-derived DOM samples

(6C, 101 and HM; Table 1), and more than three times stronger
compared with 1A. However, CDOM exported from the
Kirkpatrickmarshes (sample HM) hadmuch stronger SF signal

at wavelengths longer than 400 nm, which is typical of terri-

genous, plant- or soil-derived CDOM (e.g. 24). The fluorescence
ratio SFem=490 ⁄SFem=365, a measure of the importance of

longer wavelengths in the SF spectrum, was 0.63 for the CDOM
draining off of the marshes at ebbing tide, relative to 0.36, 0.41
and 0.23 for samples 1A, 6C and 101, respectively (Table 1).
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Figure 2. Change in CDOM synchronous fluorescence (dk = 14 nm)
after solar exposure, for the eight optical treatments, the ‘‘no filter’’
treatment (NF, cf. exposure to the full solar spectrum), and the dark
control (DK). Results are shown for all samples from the Rhode River
(one of the two replicates, almost identical results for the other).
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Solar exposure (ca 3 days, see Materials and Methods)
resulted in a substantial loss of CDOM fluorescence. For
exposure to the full spectral range of natural sunlight (NF
treatment, solid circles in Fig. 2), the fraction of SF loss,

averaged over the measured spectral range (330–600 nm), to
the initial SF, averaged over the same spectral range, was 0.34
for sample 1A and more than 50% (0.61, 0.55 and 0.54,

respectively) for samples 6C, 101 and HM. The fluorescence
ratio SFem=490 ⁄ SFem=365 after exposure was 0.42, 0.42, 0.27
and 0.53 for samples 1A, 6C, 101 and HM, respectively.

Use of different cut-off filters showed that fluorescence
fading occurred in different regions of the spectrum depending
on the spectral characteristics of the light irradiating CDOM

(Fig. 2). For a cut-off filter of 395 nm (50% filter transmission
at 395 nm) most of the fluorescence loss was observed at
k > 390 nm. As the cut-off moved to shorter wavelengths,
additional loss of fluorescence was observed at the shorter UV

wavelengths.

Effects of solar exposure on CDOM absorption

Similar to the fluorescence analysis, large differences were

found in the initial absorption characteristics among the four
CDOM samples collected from the Rhode River (Table 1).
Sample 1A had the lowest absorption, aCDOM, and the lowest

DOC-specific absorption, a*CDOM, across the spectrum (values
are shown only at 440 nm in Table 1). Marsh-exported
CDOM was the most strongly absorbing among all samples
(a*CDOM(440) more than twice as large as that of the

freshwater samples 6C and 101) and its absorption spectral
slope of 0.0148 nm)1 was lower than that of the other samples
(SCDOM between 0.0168 and 0.0176 nm)1 for 1A, 6C and 101).

Solar exposure of CDOM considerably reduced absorption
in all samples. For exposure to the full spectrum of natural
sunlight (NF treatment), the loss of absorption averaged over

the range 290–500 nm

Daavg ¼
P500

k¼290 aCDOMðkÞinit � aCDOMðkÞtreat
210

ð3Þ

(similar to the quantity PBavg estimated by Osburn et al., 36),

was 0.38, 2.49, 1.29 and 3.92 m)1 for samples 1A, 6C, 101 and
HM, respectively. These absorption losses correspond to frac-
tional absorption losses of 18%, 29%, 27%and22%for the four

samples, respectively. CDOM photoreactivity, estimated as the
ratio ofDaavg to the total energy absorbed by the exposed sample
(expressed asm J)1 · 10)6 cf. Osburn et al., 36) was 2.1, 3.9, 3.4
and 2.8 for samples 1A, 6C, 101 and HM, respectively.

The cut-off filter experiments showed a progressive bleach-
ing of CDOM absorption as treatments included more UV
radiation (Daavg is shown for all treatments for sample HM in

Fig. 3). Moreover, consistent with the fluorescence measure-
ments, the greatest loss of absorption occurred in different
regions of the spectrum depending on the spectral character-

istics of the light irradiating CDOM (Fig. 4). For a cut-off
filter of 395 nm, absorption fading was more pronounced at
wavelengths longer than �390 nm. The relatively stronger loss
of absorption at the longer UV wavelengths resulted in an

increase in SCDOM compared to the dark treatment (DK)
(Fig. 5). As the cut-off moved to shorter wavelengths
(e.g. 50% transmission wavelength of cut-off filter shorter

than 332 nm), additional loss of absorption was observed at
the shorter UV wavelengths, with a subsequent decrease in

SCDOM. This spectral dependence of CDOM photobleaching,
and the resulting change in SCDOM, was consistent among all
CDOM samples, despite the large differences in their initial

absorption characteristics.

Spectral model of photobleaching

Measured changes in CDOM optical properties were used to

fit the parameters for a spectral model of UV photobleaching.
We modeled the relative change in CDOM absorption at
wavelength ko, for treatment jj, Da ⁄ a (ko, jj), according to

(Eq. 2). Model runs were qualitatively very similar among the
different samples, and thus detailed results are shown here only
for CDOM derived from the watershed stream (sample 101;
Fig. 6). Parameter values obtained for all runs are shown in

Table 2. Model runs were not performed for the estuarine-
dominated sample 1A because of the relatively small aCDOM

and Da values measured for this sample and the large noise in

the estimated Da ⁄ a.
For the stream-derived CDOM, the maximum in measured

Da ⁄ a varied from 20% to 33% between treatments (Fig. 6a,b).

Of that, nonspectral bleaching (parameter c2) was estimated to
be about a 5% change in absorption, so spectral bleaching
accounted for approximately 75–85% of photobleaching at the
wavelength of maximum change. The estimated weighting

function for bleaching efficiency of absorbed energy (W(k),
m2 J)1) varied only slightly with wavelength, i.e. the spectral
slope parameter, m1, was close to zero. Indeed, m1 was slightly

positive for all samples, though not significantly for sample 6C
(Table 2). Photobleaching weights at 300 (UV-B photoreac-
tivity) and 380 nm (UV-A photoreactivity) were 1.66Æ10)6 and

2.01Æ10)6 m2 J)1, respectively, for stream-derived CDOM.
The spread function had an estimated FWHM of �50 nm.

However, the maximum photobleaching effect was predicted

to be significantly blue-shifted (by �29 nm) with respect to the
wavelength of exposure (parameter c1). The model fit implies
that spectral exposures photobleached mostly in a blue-shifted
band extending from the wavelength of exposure (kirr) to kirr-
54 nm (=29 + 50 ⁄ 2 nm). This blue-shift in the photobleach-
ing effect relative to the wavelength of exposure also has been
observed in monochromatic exposures of humic acids (30,32).
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Figure 3. Photobleaching in the HM sample (CDOM exported from
the Kirkpatrick tidal marsh) vs the 50% transmission wavelength
measured for each cut-off filter treatment. Error bars show half range
for two replicates. P-value for one-way ANOVA was less than 0.0001.
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The model successfully predicted that the wavelength of
maximum Da ⁄ a decreases as the cut-off wavelength of the filter
decreases (Fig. 6a,b). Based on the predicted Da ⁄ a, we calcu-
lated the predicted final absorption curves for each treatment

and compared SCDOM over the modeled range (290–450 nm)

for both observed and predicted absorption spectra. Consistent
with our measurements, the model predicted a differential loss
of absorption that results, initially, in an increase in SCDOM

compared to the dark treatment and a subsequent decrease in
SCDOM as the wavelength of irradiation decreases (Fig. 6c,d).
The wavelength offset parameter (c1) was a critical feature of

the model in relation to the predicted SCDOM. Without this
offset, Da ⁄ a in the short UV-B wavelengths was much smaller
(and, thus, SCDOM higher) than observed for the shorter (50%
transmission <357 nm) wavelength cut-offs (results not

shown). Overall, predicted SCDOM values were in very good
agreement with measurements (Fig. 7). Linear least squares
regression of model predicted on measured SCDOM showed

strong correlation (R2 = 0.97, P < 0.0001) with a slope close
to 1 and a relatively small intercept (Y = 0.93X + 0.001). The
observed decrease in SCDOM is still slightly greater than
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predicted for the shortest cut-offs (e.g. 288 nm and NF),
because of a small underestimation of Da ⁄ a near 290 nm for
these treatments (Fig. 6a,b). The estimate can be improved by
adding a second band of spectral photobleaching close to

300 nm (as observed by Del Vecchio and Blough, 32), but the
improvement is too small to justify the additional two
parameters (height and bandwidth of secondary peak) in the

model (results not shown).

DISCUSSION

Solar exposure changes the composition of terrestrially-
derived and biologically refractory DOM in estuarine and
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Table 2. Parameter estimates obtained by fitting the spectral model of
photobleaching (Eq. 2) for CDOM that is marsh-exported (HM),
watershed-derived (101), and from the freshwater part of the Rhode
River (6C). The half-range of the 95% confidence interval of the
estimate is shown in parenthesis.

HM 101 6C

mo (n.d.) )15.45 (0.08) )14.03 (0.08) )14.06 (0.2)
m1 (nm

)1) 0.0018 (0.0002) 0.0024 (0.0002) 0.0001 (0.0005)
spread (nm) 31.2 (1.6) 29.4 (1.5) 55.5 (3.4)
c2 (n.d.) 0.057 (0.003) 0.051 (0.004) 0.047 (0.01)
c1 (nm) 28.6 (0.9) 28.6 (0.9) 26.6 (2.4)
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Figure 7. Measured (x-axis) and model predicted (y-axis) SCDOM

values for solar exposure using different cut-off filters and the ‘‘no
filter’’ treatment (NF), for the marsh-exported CDOM (HM, solid
squares), the sub-watershed stream CDOM (101, solid triangles) and
CDOM from the freshwater part of the Rhode River (6C, open
circles). The 1:1 relationship is shown as dashed line for comparison.
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coastal waters through direct photochemical mineralization,
secondary photochemical reactions and formation of biolo-
gically labile photoproducts (e.g. 12,20,48,49). Because the
effects of solar exposure on DOC mineralization, CDOM

optical quality and DOM bioavailability depend partly on the
source and composition of DOM, the DOM samples used in
our photobleaching experiments were collected from different

sites in the Rhode River, representative of the major sources of
DOM in this estuarine ecosystem (i.e. freshwater and estuarine
parts of the river, watershed stream-derived and marsh-

exported DOM). As a result, these samples were considerably
different in composition and DOC concentration and, thus,
had considerably different initial optical characteristics. Both

freshwater samples 6C and 101 had higher DOC concentra-
tions, as well as stronger DOC-specific absorption and
fluorescence, relative to the estuarine-dominated sample 1A,
consistent with a higher percentage of terrestrially-derived,

strongly absorbing and strongly fluorescent, humic-like
organic compounds. The most optically distinctive, and, thus,
probably also chemically distinctive, DOM sample was col-

lected from the tidal marsh creek. In addition to being
particularly enriched in DOC, DOM in the water draining off
of the Kirkpatrick marsh had the highest DOC-specific

absorption, the lowest SCDOM and relatively stronger fluores-
cence at wavelengths longer than 400 nm. Each one of these
optical characteristics is indicative of humic substances of
relatively high aromatic carbon content and high molecular

weight (e.g. 21,22,24). Additional measurements by our group
confirm these results (M. Tzortziou, P.J. Neale, C.L. Osburn,
P.J. Megonigal, N. Maie and R. Jaffe, unpublished).

Considerable loss of CDOM was measured in all samples
upon exposure to the full spectrum of natural sunlight, with
fluorescence loss being more extensive than absorbance fading

in agreement with studies by Miller et al. (33). However,
compared with the samples collected from the Rhode River
watershed edge (marsh, watershed stream and upstream

Muddy Creek), estuarine-dominated DOM was more resistant
to photobleaching. Previous exposure of CDOM to solar
radiation during transport from the head to the mouth of the
estuary could partly explain such a decrease in the photore-

activity of CDOM along the estuarine gradient (36,50–52).
According to Vahatalo and Wetzel (48), the rates of photo-
chemical reactions are expected to be the highest at interfaces

where unexposed CDOM enters from shaded environments to
regions where it is exposed to unshaded solar radiation.
Interfaces like the high-elevation Kirkpatrick marsh, where

large concentrations of colored DOC are exported to the
adjacent estuarine waters, would, thus, be expected to be
hotspots of intense DOM photochemical transformation and
cycling.

Use of long-pass cut-off filters allowed us to examine the
spectral dependence of CDOM photobleaching. This method
was first applied to the calculation of spectral weighting

functions for CDOM photobleaching by Osburn et al. (36). In
agreement with the results presented in that study, we found
that absorption loss in CDOM samples from the Rhode River

marsh-estuarine system was progressive in treatments that
included more UV radiation, with the greatest increment in
average absorption loss occurring between filters that included

successively more UV-A radiation. However, we note that at
least 40% of integrated absorption loss occurred because of the

‘‘blue-light’’ region of the solar spectrum (Fig. 3). Based on the
SF lossmeasured at k > 400 nm, that 40% could be due to very
reactive humic compounds abundant in the marsh samples.

Moreover, use of the cut-off filters in our study revealed

how the spectral quality of solar exposure affects the CDOM
absorption and fluorescence spectral shape. Interestingly, the
dependence of the changes in SF spectra and SCDOM on the

spectral quality of solar exposure was very consistent among
all samples, despite differences in their initial DOC concen-
tration, optical characteristics and photoreactivity. In all cases,

CDOM bleaching (both absorption and fluorescence loss) was
more pronounced at and above the cut-off wavelength of the
long-pass filter. However, residual absorption losses were

observed throughout the measured spectral range (e.g. con-
siderable loss of absorption at 300 nm, even under the 395 cut-
off filter treatment, Fig. 6a). Our results are consistent with
previous laboratory experiments using monochromatic (laser)

sources (30), showing that such exposures result in losses of
absorption across the entire spectrum, with the largest loss
at or just below the wavelength of irradiation, kirr (direct

photobleaching) and additional ‘‘uniform’’ loss of absorption
outside the primary bleaching band (i.e. away from the kirr).

The observed preferential loss of absorption at the wave-

lengths of irradiation affects the absorption spectral slope,
SCDOM, in such a way that environmental exposures may
result in either an increase or a decrease in SCDOM, depending
on the irradiation spectral characteristics and previous light

exposure. As a result, atmospheric composition (e.g. ozone
and aerosol amounts) and concentration of UV-absorbing
water constituents also determine changes in CDOM absorp-

tion spectral slope through their effect on the spectral
characteristics of the light to which CDOM is exposed.

In previous studies that examined the effects of photo-

bleaching on SCDOM, some reported an increase in SCDOM

upon light exposure (e.g. 5,20,26,29) while others reported a
decrease in SCDOM (e.g. 8,27,28). Although this inconsistency

could be partly due to the use of different methods in
calculating SCDOM (e.g. nonlinear fitting of aCDOM vs linear
fitting of log[aCDOM], different absorption spectral regions
covered), it could also be due to differences in the spectral

characteristics of the light to which CDOM was exposed in the
different photobleaching experiments. Del Vecchio and Blough
(30) measured SCDOM changes during photobleaching of

CDOM from the upper Delaware Bay and the mouth of the
Chesapeake Bay using polychromatic irradiation and three
cut-off filters (kirr >320, >360 and >400 nm). They conclu-

ded that the observed preferential loss of absorption in the
spectral region passed by the cut-off filter resulted in an
increase in SCDOM during photobleaching. However, the
measured increase in SCDOM under the 360 nm cut-off filter

treatment was larger (for same irradiation time) than the
increase in SCDOM under exposure to shorter UV light with the
320 nm cut-off filter treatment (their table 2). These results are

in agreement with the SCDOM changes observed in our study
under the 395, 357 and 332 nm cut-off filter treatments
(Fig. 5). CDOM exposure to even shorter UV light using

lower cut-off filters resulted in more extensive absorption loss
at shorter UV wavelengths, with a subsequent decrease in
SCDOM. As a result, SCDOM values for the 288 nm cut-off filter

and the NF treatment were very close to the initial SCDOM

before photobleaching.
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Although this dependence of SCDOM change on the spectral
quality of solar exposure has not been previously described (to
our knowledge) for natural waters, a similar pattern of change
in SCDOM can be found in results reported for CDOM in

coastal waters (33). As part of their study on the photochem-
ical production of biologically labile DOM, Miller et al. (33)
reported the changes in SCDOM measured during photobleach-

ing experiments using long-pass cut-off filters (their table 1). In
agreement with our findings, they observed an increase in
SCDOM upon solar exposure when using the 425, 380 and

345 nm cut-off wavelength filters and a subsequent decrease in
SCDOM as the cut-off wavelength of the filter decreased from
345 to 280 nm. Moreover, for both coastal samples they

examined, the SCDOM measured for their lowest cut-off filter
treatment (50% T at 280 and 295 nm for the two samples) was
smaller than the SCDOM before exposure.

Similar to an earlier work by Osburn et al. (36), we have

modeled the photobleaching of absorption spectra based on
absorbed energy and a spectral weighting function. Although
they acknowledged that multiple wavelengths have the ability

to bleach absorbance at any given wavelength, Osburn et al.
modeled photobleaching effect at each wavelength as due to
only energy absorbed at that wavelength. However, their

model only predicted integrated (average) change in absorp-
tion from 290 to 500 nm (PBavg). Here we present a model that
does account for wavelength-specific changes in absorbance,
and includes the effect of exposure to multiple wavelengths on

spectral absorption based on a weighted sum of effects over the
full wavelength range of exposure. We modeled spectral
variation in the effects of exposure using a ‘‘spread function’’

that qualitatively reproduced the features of the absorption
bleaching changes observed with monochromatic exposures
(30,32), most importantly that strongest bleaching occurred

over a Gaussian-like band with maximum effect near the
wavelength of exposure, superimposed on a background of
nonspectral bleaching. Thus, the spread function could be

specified with just a few parameters, i.e. bandwidth, wave-
length offset to maximally bleaching irradiance and degree of
uniform bleaching. More detailed analyses have shown that
the spectral variation of bleaching can depend on the wave-

length of irradiance (30,31), nevertheless we were able to model
closely the observed changes in absorption with a single spread
function. Moreover, the shape of the spread function was

similar for all three samples used in the modeling analysis.
Estimated FWHM for the Gaussian spread function was
between 49 and 92 nm for the different Rhode River samples,

consistent with results by Del Vecchio and Blough (30)
showing that the FWHM for the region of primary absorption
loss was typically about 80 nm for their monochromatic
exposure of coastal CDOM samples. Although relatively

simple, the model accurately, and consistently, predicted the
observed dependence of SCDOM changes on the spectral quality
of solar exposure for all samples from the Rhode River system

(Figs. 6 and 7).
Spectral absorption and the spread function comprised the

most important sources of spectral variation in photobleach-

ing. With these components included, there was little variation
in spectral efficiency of photobleaching (relative change in
absorption per unit absorbed energy) that could be accounted

for using a spectral weighting function. The strongest depend-
ency was in the 101 sample, which had a slight, but significant,

positive slope. This equates to a 38% increase in spectral
efficiency over the 290–450 range, a relatively small effect.
Osburn et al. (36) also reported a small positive slope for highly
absorbing, humic and strongly photoreactive dissolved mater-

ial collected from a freshwater Sphagnum bog, and slopes that
were not significantly different from zero for several other
samples. However, other DOM samples did have significantly

negative slopes, but the photochemical basis for these differ-
ences in the weighting function remains unknown. Weights for
photobleaching in the UV-A and UV-B (i.e. W[380] and

W[300]) were consistent with values reported by Osburn et al.
(36) for CDOM samples with low spectral weighting function
slopes.

Colored dissolved organic compounds derived from the
tidal marshes and watershed surrounding the Rhode River are
highly absorbing and photoreactive, strongly affecting optics
and photochemistry, and, thus, also biological activity, in this

sub-estuarine ecosystem. Photobleaching of CDOM in both
the estuarine and freshwater reaches of this system was
strongly dependent on the spectral quality of solar exposure.

We showed that a simple predictive model that accounts for
wavelength-specific changes and includes the effect of exposure
to multiple wavelengths on spectral absorption based on a

weighted sum of effects over the full wavelength range of
exposure, successfully reproduced the absorption bleaching
changes observed in CDOM samples from different sources in
the Rhode River. Our results suggest that our simple approach

is robust and should be tested for applicability to CDOM
from other sources. In addition, it could be applied to the
Rhode River system to estimate, or predict, changes in optical

properties and carbon fluxes under various atmospheric and
in-water conditions.
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