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Montpellier Cedex 05, France

Behzad Mostajir
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Abstract

A natural planktonic assemblage from the St. Lawrence Estuary was isolated in eight 1,500-liter outdoor meso-
cosms and subjected to combinations of fast or slow mixing regimes with natural solar radiation or natural solar
radiation artificially enhanced with ultraviolet-B (UVB, 280–320 nm) radiation. The interdependent evolution of
dissolved organic carbon (DOC), absorption by chromophoric dissolved organic matter (CDOM), chlorophyll a
(Chl a), particulate organic carbon (POC), and bacterial abundance in the mesocosms was followed over a 10-d
period. There was a net increase of Chl a, POC, and DOC in all systems over time; however, the slower mixing
treatments had less accumulation than the systems with faster mixing. All systems displayed weak correlations of
DOC with POC and Chl a. A significant effect of enhanced UVB radiation on concentrations of these bulk properties
was not observed in any of the mesocosms. A strong correlation of CDOM absorbance loss (photobleaching) with
absorbed radiation dose was observed in all treatments, with the fast mixing systems having larger absorbance
losses and faster loss rates. Photobleaching was wavelength dependent, resulting in an increase in the spectral slope
of CDOM absorption over time. Thus, although CDOM photobleaching may result in deeper penetration of light
at all wavelengths, the ratios of UVB to ultraviolet-A (UVA) and photosynthetically active radiation (PAR) are
reduced. The effect of enhanced UVB radiation was unexpected, with no proportional increases in CDOM photo-
bleaching in the 1UVB treatments. Comparisons of the different treatments indicate that interactions of biological
activity, mixing, and the in situ light field can influence CDOM absorbance properties and/or photoreactivity and
that there is a possible role for UVB in the production of CDOM.

Numerous recent reports indicate that dissolved organic
matter (DOM) plays a more active role in the biogeochem-
ical carbon cycle than had previously been thought and that
its fate in the ocean is intimately related to photochemical
processes in the upper water column (Miller 1994). Photo-
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chemical degradation of DOM has been shown to generate
a variety of products, including various reactive oxygen spe-
cies (Blough and Zepp 1995), low molecular weight carbon-
yl compounds (Kieber et al. 1989, 1990; Mopper et al.
1991), carbon monoxide (Valentine and Zepp 1993), and car-
bon dioxide (Miller and Zepp 1995; Gao and Zepp 1998).
The transformation of complex, high molecular weight com-
ponents into smaller, more labile moieties may stimulate
bacterial production and lead to increased remineralization
of otherwise biologically inaccessible compounds (reviewed
in Moran and Zepp 1997). On the other hand, photochemical
reactions have also been proposed as one of the steps in the
formation of marine humic substances from biologically la-
bile fatty acids (Harvey et al. 1983; Kieber et al. 1997), and
some fraction of plankton-derived DOM may be relatively
resistant to ultraviolet (UV) degradation (Ridal and Moore
1993). These findings have given new insights into the cy-
cling of DOM in the ocean and offer viable pathways to
resolve the perplexing problem of what happens to appar-
ently recalcitrant terrigenous DOM in the ocean (see Hedges
et al. 1997).

The first step in a photochemical process in natural water
bodies is the absorption of sunlight. The DOM fraction con-
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taining chromophores (CDOM) absorbs light at wavelengths
in the solar spectrum and is implicated in most photochem-
ical reactions in natural waters (Zafiriou et al. 1984). Al-
though CDOM potentially contains a large number of dif-
ferent chemical compounds and structures, its absorption
spectrum is generally a featureless, nearly exponential decay
from UV into visible wavelengths (Green and Blough 1994).
The strong absorption in the UV range has been of particular
interest in relation to its ability to attenuate ultraviolet-B
(UVB) radiation in natural waters (e.g., Williamson et al.
1996) and thus mitigate the potentially biologically damag-
ing effects of increased UVB due to ozone depletion (re-
cently reviewed in Booth et al. 1997). However, photochem-
ical reactions following absorption can eventually lead to the
degradation of DOM and destruction of the chromophores
(Zepp et al. 1995). This decrease in CDOM absorptivity,
often termed photobleaching, may limit the UVB protective
capacity of CDOM for organisms (Gao and Zepp 1998) and
the extent of further photochemical reactions (Miller and
Zepp 1995).

Previous studies investigating CDOM photobleaching
have generally used filtered, natural waters or redissolved
extracts of DOM irradiated by either sunlight or artificial
light sources (Kouassi and Zika 1992; Morris and Har-
greaves 1997). In addition, most studies have used optically
thin solutions in small reaction vessels and thus are directly
comparable to only the upper few centimeters of a natural
water column. While useful in elucidating photochemical re-
actions and mechanisms, these studies are not strictly appli-
cable to the prediction of in situ water column processes
where autochthonous DOM from planktonic organisms (Gao
and Zepp 1998), mixing (Doney et al. 1995), and changes
in the underwater light field may influence photoreactions
(Zepp and Cline 1977). The study presented here describes
a mesocosm experiment where unaltered, natural seawater
from the St. Lawrence Estuary with its intact planktonic as-
semblage (,202 mm) was exposed to natural solar radiation
and artificially UVB-enhanced solar radiation over a period
of 10 d. Daily measurements of CDOM absorption coeffi-
cients, dissolved organic carbon (DOC) concentrations, in-
cident and underwater irradiance, and indices of biological
activity are used to evaluate the relationship between pho-
tochemical and biological processes in the determination of
the optical properties of CDOM. One goal of this work was
to determine whether a DOM pool that included autochtho-
nously produced algal DOM would undergo absorbance pho-
tobleaching in a similar pattern to that seen in studies with-
out biological input. Further goals were to evaluate the
response of absorbance photobleaching to increased UVB
and to different mixing regimes in the water column.

Materials and methods

Mesocosm setup—In the late evening of 21 July 1997,
;25,000 liters of St. Lawrence Estuary seawater was
pumped with a zooplankton pump from 2-m depth near the
quay at Sainte-Anne-des-Monts, Québec, Canada (498089N,
668299W) into a thoroughly cleaned, stainless steel tanker
truck. The truck was rinsed with copious quantities of sea-

water before the final filling. The seawater was delivered to
the ISMER aquaculture station, Pointe-au-Père, Québec,
Canada (488519N, 688299W), where it was transferred via a
zooplankton pump into four 2.55-m high, 1.30-m diameter
double-walled, stainless steel, outdoor tanks. Each tank was
fitted with two open-top polyethylene bags to allow repli-
cation of experimental conditions within each tank and thus
provided eight mesocosms of 2.25-m depth and 1,500-liter
volume. To provide homogeneous starting conditions for the
individual mesocosms, the water exiting the pump was ini-
tially filtered through a 202-mm plankton net into a 100-liter
tank fitted with eight tubes at the bottom that simultaneously
drained by gravity into each of the mesocosms (Belzile et
al. 1998)

Each mesocosm was mixed continuously using a system
of 2.5-cm ID Tygont tubing and a Teflont coated Little Gi-
antt pump (model 2-HD-HC). The pump intake was located
15 cm below the water surface, and the outflow was piped
to the maximum depth of 2.25 m. Samples were drawn from
a valve connected to a T in the outflow tubing. The entire
pumping system for each mesocosm had been flushed with
local seawater for a minimum of 300 h before the experiment
began. Previous work (Belzile et al. 1998) had verified that
the pumping system did not induce damage to planktonic
cells. Water temperature within the mesocosms was con-
trolled by circulating local seawater, 8–108C, through the
inner cavity of the double-walled tanks. Water removed from
the mesocosm bags during the sampling was not replaced,
but the water level was held constant in relation to the top
of the tanks by adding water between the polyethylene bags
and the tank walls after each sampling. No additional nutri
ents were added during the experiment, and the mesocosms
were open to atmospheric exchange. Polyethylene covers
were installed over the tops of the mesocosms during periods
of rain and at night.

Four different combinations of light and mixing regimes
were used for the experiment and will be referred to as fol-
lows: (1) NAT fast—natural ambient incident solar radiation
and rapid turnover; (2) 1UVB fast—ambient incident solar
radiation plus added UVB radiation and fast turnover; (3)
NAT slow—natural ambient incident solar radiation and slow
turnover; and (4) 1UVB slow—natural ambient incident solar
radiation plus added UVB radiation and slow turnover. To
simulate the effects of a reduced ozone layer, UV radiation
was added to the ambient incident solar radiation by means
of two Spectronics model XX15B ultraviolet lamps. The
combined lamp output was a constant 111 mW cm22 in the
280–320-nm range and 86 mW cm22 in the 320–400-nm
range (Belzile pers. comm.) with peak output at 313 nm (Fig.
1A). Cellulose acetate sheets (0.13 mm, aged 1 h before use
and changed daily) were used to remove all lamp-emitted
wavelengths shorter than 280 nm. The lamps were placed
40 cm above the water surface and were illuminated from
1000 to 1500 h each day. Wooden cutouts of the same di-
mensions as the lamps were placed over the natural light
mesocosms to mimic any shading of the natural sunlight
caused by the lamps. The lighting setup, except for the il-
lumination period, was essentially the same as the low UVB
(LUVB) regime described in Belzile et al. (1998), which
presents a more complete discussion of the lamp spectra and
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Fig. 1. (A) Noontime natural UV irradiance measured on a
clear, sunny day. The output of the two UVB lamps was added to
the natural spectrum to produce the enhanced UVB treatments. (B)
Daily variations of incident PAR measured over the 10-d period of
the experiment shown to illustrate the general meteorological con-
ditions. (C) Apparent attenuation coefficients (Kd, m21) for 305, 320,
360, and 380 nm and PAR as derived from irradiance depth profiles
in the mesocosms. The corresponding depth (m, 1SD) of 1% near-
surface irradiance (20 m) at each wavelength is indicated by the
bars. The maximum depth of the mesocosms was 2.25 m.

their relationship to ambient light conditions. The two mix-
ing regimes were controlled by varying the flow rates of the
pumping systems using rheostats attached to the pump mo-
tors. The fast turnover regime had a flow rate that passed
the entire volume of the mesocosm through the pump ap-
proximately every hour. The slow turnover rate passed the
mesocosm volume through approximately every 3 h.

Irradiance measurements—Incident solar radiation was
measured every 5 min using a Biospherical Instruments
PUV-510 radiometer mounted in an unshaded area near the
mesocosms. The PUV-510 uses cosine collectors to record
downwelling irradiance of four UV wavelengths (nominally
305, 320, 340, and 380 nm) and an integrated, downwelling
irradiance for photosynthetically active radiation (PAR, 400–

700 nm). The 305-nm channel was corrected according to
the recommendations of Kirk et al. (1994). Irradiance mea-
surements just below the water surface were taken regularly
throughout the day with a Biospherical Instruments PUV-
500 submersible radiometer equipped with depth and tem-
perature sensors. The PUV-500 records the same wave-
lengths as the PUV-510. Vertical irradiance depth profiles
were taken daily near 1300 h. Measurements were taken at
;2-cm depth intervals from just below the water surface to
1.6 m, the maximum depth allowed by the sensor configu-
ration. In order to minimize the influence of clouds or shad-
ing from the mesocosm walls on the underwater measure-
ments, profiles from three different positions in each
mesocosm were taken. Apparent attenuation coefficients (Kd,
m21) were calculated from Eq. 1 for each profile and the
average was taken to represent the whole mesocosm:

ln(E /E )20l zlK 5 (1)dl Dz

where z is depth in meters, E20l and Ezl are irradiance mea-
sured just below the surface and depth z, respectively. Kd

values for the UV wavelengths where irradiance was not
measured were estimated from the equation of the least-
squares regression curve of a two-parameter exponential de-
cay fitted to the measured data (r . 0.99). Although Kd is
often treated as an inherent optical property, it is sensitive
to the geometric conditions of the light field (Kirk 1994). In
the current paper, this discrepancy was corrected for by di-
viding Kd, as determined above, by Gordon’s (1989) correc-
tion factor (D0l), which is calculated from the direct fraction
of global irradiance and the cosine of the angle of under-
water refracted light. As these factors are dependent on sky
conditions and solar zenith angles (SZA), the average D0l

value of 1.19 for the St. Lawrence system from Kuhn et al.
(1999) was used. Their average value was calculated from a
range of solar zenith angles and sky conditions. It is worth
noting that the average D0l is nearly identical to that which
would be calculated (1.197) using 100% diffuse light. In the
case of 100% diffuse light, SZA no longer influences the
correction factor magnitude. Owing to shading from the me-
socosm setup, it is reasonable to assume that the mesocosm
water columns received a larger percentage of diffuse radi-
ation than open waters in the St. Lawrence. Other irradiance
calculations were made in the same manner as those reported
in Belzile et al. (1998) with further refinements to models
by the incorporation of irradiance data from the present ex-
periment.

Sampling and analytical methods—Beginning on 22 July
1997, surface samples (15-cm depth) were collected daily
between 0800 and 0900 h and immediately carried to the
nearby laboratories. All containers were thoroughly rinsed
with water from their respective mesocosm before the final
sample was taken. Samples for DOC and absorbance mea-
surements were collected in acid-soaked (2N HCl) 1-liter
Nalgenet bottles. These samples were immediately filtered
through precombusted (4508C for 24 h) Whatmant GF/F
filters using gentle vacuum and stored in amber, glass bottles
with teflon-lined caps at 48C in the dark until analysis. DOC
samples were acidified to ;pH 2 with 50% w/w H3PO4 (5
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mL mL21). All glassware and glass storage bottles were acid
soaked, rinsed 5 times with .18 VM resistivity, NANOpure-
UV water (referred to as NANOpure water for simplicity)
and subsequently combusted at 4508C for 24 h.

DOC was measured using the high temperature catalytic
oxidation (HTCO) method with NDIR detection on a Shi-
madzu TOC-5000A carbon analyzer following the precau-
tions of Benner and Strom (1993). Potassium diphthalate
dissolved in NANOpure water was used as the carbon stan-
dard and NANOpure water as the blank. Triplicate injections
of each sample were made and provided coefficients of var-
iation of ,2%. Samples for absorbance were warmed to
room temperature, gently sonicated, and filtered through 0.2-
mm, acid-washed Gelman Supor polysulfonone filters. Ab-
sorbance scans from 270 to 800 nm, 1-nm slit width, were
made using 10-cm Suprasil cuvettes on a Perkin-Elmer
Lambda 12 dual-beam spectrophotometer connected to a mi-
crocomputer equipped with UV-WINLAB software. Prefil-
tered (0.2 mm) NANOpure water was used in the reference
cell, and an autozero was run after every fifth sample. Ab-
sorbance measurements at each wavelength (l) were base-
line corrected by subtracting the absorbance at 700 nm
multiplied by l/700 (Bricaud et al. 1981). This wavelength-
dependent approach was adopted, as opposed to the constant
offset method suggested by Green and Blough (1994), owing
to slight variations in the 700–800-nm readings, which sug-
gested that differences may not have been solely due to re-
fractive index differences between the NANOpure reference
and the sample. Nevertheless, the required corrections were
minor (0.0008 6 0.0004 absorbance units, n 5 34,400).
CDOM absorption coefficients (aCDOMl, m21) at each wave-
length (l) were calculated according to Kirk (1994):

aCDOMl 5 2.303Al/l (2)

where Al is the corrected spectrophotometer absorbance
reading at wavelength l and l is the optical pathlength in
meters. An average standard deviation (SD) of 60.02 m21

for aCDOMl was estimated from repeated replicate measure-
ments of the same sample. A conservative detection limit of
0.046 m21, corresponding to 0.002 absorbance units on the
spectrophotometer, was estimated from repeated scans of
NANOpure water processed as a sample. Although the de-
tection limit corresponds to wavelengths in the range of 495
to 550 nm for the mesocosm samples, the actual scans were
relatively noise free and reproducible throughout the PAR
wavelengths.

All other measurements were made from subsamples of a
20-liter sample collected in dark, acid-soaked polyethylene
carboys. Chlorophyll a (Chl a) concentration was deter-
mined fluorometrically using a R010 Turner Designs fluo-
rometer from subsamples filtered onto GF/F filters and sub-
sequently extracted for 24 h in 90% acetone at 48C (Parsons
et al. 1984). Samples for particulate organic carbon (POC)
were collected on precombusted GF/F filters (4508C for 24
h) and stored at 2208C until analysis. Inorganic carbon was
removed by acidification and the filters were subsequently
dried at 608C for 24 h. POC was analyzed on a Perkin-Elmer
2400 CHN elemental analyzer using acetonilide as the stan-
dard. Subsamples for bacterial abundance were fixed with
formaldehyde (3.7% final concentration) and stored at 48C.

Afterward, cells were stained with 49, 6-diamidino-2-phen-
ylindole (DAPI) (Porter and Feig 1980) and counted using
an ACR 1400SP flow cytometer following the method of
Monfort and Baleux (1992).

Statistical analyses were performed using the means ob-
tained from the two replicates in each of the mesocosm treat-
ments. SigmaStat software was used for statistical tests.
Trends in the data were fit to curves using least-squares re-
gressions with significance evaluated at the p , 0.05 level.
Significant differences in trends between treatments were de-
termined using the 95% confidence intervals of the regres-
sion coefficients. Other correlations were performed using
Spearman rank order. Significance was evaluated at the p ,
0.05 level. For data with no obvious trends, two-way AN-
OVA (light and mixing as grouping variables) using all
available data points was performed. Comparisons of indi-
vidual time points could not be carried out with ANOVA
due to the lack of sufficient replicates.

Results

Incident and underwater irradiance—During the 10 d of
the experiment, meteorological conditions were generally fa-
vorable with 5 d (days 2, 3, 4, 7, and 9) of clear-sky con-
ditions, 4 d (days 1, 5, 8, and 10) of intermittent cloudiness,
and 1 d (day 6) of heavy overcast with rain (Fig. 1B). Owing
to shading from the mesocosm setup, the radiation actually
entering the water columns was less than the incident radi-
ation. For example, at noon under clear-sky or cloudy con-
ditions, PAR just under the water surface was approximately
62 or 39% of the incident irradiance, respectively. Previous
work with the same mesocosms (Belzile et al. 1998) and
measurements made during the present work showed that the
irradiance just below the water surface (E20m) could be mod-
eled from the measured incident irradiance (E0), sky condi-
tions, time of day, and lamp outputs. The calculated, daily
integrated, radiation doses received just below the water sur-
face for the two light treatments are given in Table 1.

Vertical attenuation of downwelling irradiance was in part
controlled by the mesocosm configurations. The Kd values,
as determined from Eq. 1, did not vary significantly (AN-
OVA p . 0.05) among mesocosms during the experiment
(Fig. 1C). These measurements revealed a stronger attenu-
ation of PAR, KdPAR 5 0.737 m21, than occurs in the open
waters of St. Lawrence Estuary. Although KdPAR was not
measured at the initial sampling site, literature reports of
KdPAR in nearby waters ranged from 0.29 to 0.53 m21 (Le-
vasseur et al. 1984) and from 0.155 to 0.242 m21 in the Gulf
of St. Lawrence (Larouche 1998). These values equate to a
1% light depth ranging from 8.7 to 29.7 m as compared to
6.25 m in the mesocosms. Attenuation of UV wavelengths
in the mesocosms was also greater than that in the St.
Lawrence Estuary. Kuhn et al. (1999) reported Kd310nm rang-
ing from 0.7 to 4.5 m21 in the St. Lawrence Gulf and Estuary
during summer and autumn. At their station closest to our
sampling site, the Kd310nm was 3.29 m21, which is consider-
ably less than the 4.48 m21 in the mesocosms. In comparison
with other natural water bodies, however, light attenuation
in the mesocosms was not outside the range of turbid coastal
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Table 1. Daily integrated radiation dose received just below the water surface.

Day

305 nm*

NAT 1UVB

320 nm*

NAT 1UVB

340 nm*

NAT 1UVB

380 nm*

NAT 1UVB

PAR†

NAT 1UVB

1
2
3
4
5
6
7
8
9

10
Total

0.216
0.312
0.325
0.359
0.283
0.182
0.359
0.178
0.296
0.211
2.721

1.071
1.166
1.801
1.213
1.138
1.037
1.214
1.033
1.151
1.065

11.88

2.41
3.31
3.31
3.35
2.71
1.70
3.22
2.06
3.21
2.40

27.68

3.17
4.07
4.07
4.11
3.46
2.46
3.98
2.82
3.96
3.16

35.26

4.43
6.16
6.12
6.09
4.90
3.22
5.81
3.90
5.97
4.43

51.03

4.74
6.47
6.43
6.41
5.22
3.53
6.13
4.22
6.29
4.75

54.19

6.20
9.13
9.03
8.95
7.02
4.55
8.54
5.58
8.80
6.26

74.06

6.22
9.14
9.04
8.96
7.03
4.56
8.55
5.59
8.82
6.27

74.18

18.18
28.47
28.34
28.39
21.41
13.66
26.75
16.62
27.76
18.58

228.2

18.18
28.47
28.34
28.39
21.41
13.66
26.75
16.62
27.76
18.58

228.2

* UV measurements are in kJ m22.
† PAR measurements are in Ein m22.

areas and areas with high terrestrial DOM contributions (see
Kirk 1994).

Biological activity—Although there are numerous possi-
bilities for the estimation of biological activity in the me-
socosms, for the purpose of this work Chl a concentration
was used as a proxy for phytoplanktonic biomass and POC
as a proxy for planktonic biomass and overall productivity.
The two mixing treatments had a discernible effect on bio-
logical activity within the mesocosms. As shown in Fig. 2,
the initial variables were virtually identical for all the treat-
ments; however, by day 10 the fast mixing systems exhibited
higher concentrations of both Chl a and POC. From day 1
to day 5, both mixing systems showed steady increases in
Chl a from 0.8 mg L21 to ;3.0 mg L21. From day 7 on, the
fast systems continued to increase, reaching ;6.0 mg L21 on
day 10 (Fig. 2A), whereas the slow systems leveled off from
day 7 to day 10 with final concentrations ;4.0 mg L21 (Fig.
2E). In contrast to the mixing influence, enhanced UVB ra-
diation did not alter the accumulation of Chl a in either
mixing treatment. POC was positively correlated with Chl a
concentration in both mixing and light treatments throughout
the experiment with an r of 0.952, 0.867, 0.758, and 0.705
in the NAT fast, 1UVB fast, NAT slow, and 1UVB slow
treatments, respectively (Spearman rank order, p , 0.05).
The increase in POC was somewhat slower than Chl a con-
centration, resulting in a 3.5-fold increase in the Chl a : POC
ratio in the fast systems and a 2.5-fold increase in the slow
systems with no apparent UVB-induced differences. Bacte-
rial abundance appeared to be uncoupled from the increases
in Chl a and POC concentrations. Bacterial abundance tri-
pled from ;1 3 106 to 3 3 106 cells mL21 from day 1 to
day 5 in the fast systems (Fig. 2C). During this same period,
bacterial abundance in the slow systems doubled from ;1
3 106 to 2 3 106 cells mL21 (Fig. 2G). Thereafter, a sharp
drop was seen on days 6, 7, and 8 in both mixing systems,
with abundances below those measured on day 1. A slight
recovery to ;1 3 106 cells mL21 was seen in the fast sys-
tems on days 9 and 10. As with Chl a and POC concentra-
tions, bacterial abundance was consistently higher in the fast
systems as compared to the slow and no UVB effect was
discernible within either mixing treatment.

DOC concentrations—Concentrations of DOC measured
on day 1 (Fig. 2D,H) were similar to those previously re-
ported for nearby stations in the St. Lawrence Estuary (Nie-
ke et al. 1997; Larouche 1998; Kuhn et al. 1999) and other
coastal waters of eastern North America (Vodacek et al.
1997). From day 1 through day 5, there was a general down-
ward trend in DOC in the slow treatments, whereas the trend
in the fast systems was fairly flat (Fig. 2D,H). On day 7,
DOC concentrations in the slow systems started to recover
and began increasing in the fast systems as well. In the fast
systems, final DOC concentrations exceeded initial concen-
trations by about 20 mM C. The recovery was not as strong
in the slow turnover systems, as final values were approxi-
mately equal to day 1. The changes in DOC during the latter
part of the experiment were similar to changes in Chl a and
POC concentrations. DOC concentration in the fast systems
were weakly but significantly correlated (p , 0.05) with
both Chl a (r 5 0.58) and POC (r 5 0.67) concentrations
over the whole experimental period. However, correlations
of DOC with POC or Chl a concentration were not signifi-
cant in the slow systems when considering the entire 10 d
of the experiment. In addition, there were no significant dif-
ferences due to UVB within either mixing treatment for
DOC. Bacterial abundance showed weak, negative correla-
tion with DOC in all treatments (r ranging from 20.37 to
20.76), which were significant in both 1UVB treatments (p
, 0.05). The increase in DOC at the end of the experiment
suggests that bacteria were not carbon limited and possibly
indicates that other controls on bacterial activity such as
grazing, inorganic nutrient limitation, or viral lysis were
more important than carbon availability within the meso-
cosms. On the other hand, phototransformation of labile
DOM may have also been a factor in reducing substrate
bioavailability (Obernosterer et al. 1999). The uncoupling of
primary production and bacterial abundance during the final
4 d of the experiment was probably responsible for the ob-
served DOC accumulation during this period.

CDOM absorption coefficients—CDOM absorption coef-
ficients (aCDOM) measured on day 1 agreed well with those
measured previously (July 1990) in St. Lawrence Estuary
waters at comparable salinity (Nieke et al. 1997). For ex-
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Fig. 2. Daily variations in Chl a concentration, POC concentration, bacterial abundance, and DOC concentration for the two mixing
treatments. Left-hand side (A, B, C, D) are the two light treatments in the fast turnover systems and the right-hand side (E, F, G, H) are
the two light treatments in the slow turnover systems. Error bars show the range of the observations.

ample, on day 1 the average aCDOM at 365 nm was 0.98 m21

in the mesocosms, as compared to 1.0–1.2 m21 for waters
from 2 m in the St. Lawrence (Nieke et al. 1997). However,
the initial values did not remain constant over the course of
the experiment, with CDOM absorption coefficients showing
clear decreases across the entire absorption spectrum in all
treatments (Fig. 3). As previously reported in other photo-
bleaching experiments (Kieber et al. 1990; Kouassi and Zika
1992), the largest absolute decreases in absorbance occurred
in the UVB range (Table 2). However, due to much lower
initial absorbances, the greatest losses as a percentage of
initial values were seen at longer wavelengths. It should be

noted that the PAR loss values for aCDOM in Table 2 include
wavelengths from 400 to 700 nm, whereas the detection lim-
it for aCDOM generally corresponded to ;495 nm. Because
calculations using the range from 400 to 495 nm yield the
same trends in both absolute and percentage losses, the av-
erage of the entire PAR range is presented to maintain con-
sistency with the irradiance measurements.

Kinetics of photobleaching—Previous studies of CDOM
absorbance photobleaching have shown that the process gen-
erally follows pseudo first-order kinetics when using opti-
cally thin samples (Kouassi and Zika 1992; Gao and Zepp
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Fig. 3. Natural logarithms of the CDOM absorption coefficients
for the different mesocosm treatments as measured on day 1 and
day 10 versus wavelengths. Small points are the actual values, and
lines are the fitted least-squares regressions (r . 0.99). Ninety-five
percent confidence intervals fall within the width of the regression
lines shown.

Table 2. Average absolute daily aCDOM loss (dayt minus dayt11) over the 10-d experimental period and average loss as a percentage of
initial day1 CDOM absorbance at selected wavelengths.

305 nm

Loss
(m21 d21) %

320 nm

Loss
(m21 d21) %

340 nm

Loss
(m21 d21) %

380 nm

Loss
(m21 d21) %

PAR*

Loss
(m21 d21) %

NAT fast
1UVB fast
NAT slow
1UVB slow

0.044
0.041
0.033
0.035

1.52
1.46
1.15
1.24

0.040
0.036
0.030
0.030

1.76
1.64
1.35
1.34

0.033
0.030
0.027
0.025

2.03
1.92
1.69
1.60

0.020
0.019
0.015
0.016

2.75
2.75
2.15
2.23

0.005
0.005
0.004
0.004

4.64
4.95
3.82
3.64

* PAR loss was calculated from the average aCDOM over the interval 400–700 nm.

1998). On the other hand, when the system under consid-
eration is optically thick, the kinetics of photochemical re-
actions become zero-order (Miller 1998). Light absorbance
in the mesocosm water columns exceeded 99% for most UV
wavelengths and was ;81% for PAR. CDOM absorbance
contributed an average of 49% of the total attenuation in the
UV region and 14% in the PAR region. Therefore, the op-
tically thick nature of the mesocosm water columns would
tend to produce zero-order kinetics. Exposure to a constant
light source would thereby yield linear decreases of CDOM
absorbance due to photochemical reactions with time. How-
ever, due to differences in light treatments and the variations
in incident solar radiation, the mesocosm data cannot be
compared on a timescale. As such, the measured UV irra-
diance data was converted from mW cm22 nm21 into Ein-
steins (Ein) cm22 nm21 s21 according to the equation of Zepp

and Cline (1977) and then used to calculate the photon flux,
E20m, just below the water surface. PAR, in mEin m22 s21,
was measured directly as the integrated 400–700-nm band
by the PUV 500. Incident irradiance measurements were tak-
en every 5 min and were integrated over time to give daily
and cumulative radiation doses. The UV photons added by
the lamps were calculated from the lamp spectral character-
istics, the measured increases in UV just below the water
surface, and the period of lamp illumination. These values
were added to E20m to provide the 1UVB treatment photon
fluxes. As a first approximation for the entire ultraviolet-A
(UVA) and UVB spectrums, the daily integrated E20m values
at 305, 320, 340, and 380 nm were fit to a sigmoidal curve
forced to zero at 290 nm. The shortest incident wavelength
measured at solar noon, shortly after the experiment, with
an Optronics Laboratories OL 754 scanning spectrophotom-
eter was 292 nm (1-nm resolution). Kuhn et al. (1999) re-
ported the shortest wavelength measured just below the sur-
face in the St. Lawrence was $294 nm. Their measurement
was taken a month earlier on 15 June 1997, i.e., closer to
summer solstice, at the same approximate latitude as the me-
socosm location and with the same type of instrumentation.
Comparisons with noontime full UV spectrum from the OL
754 indicated that this method could reproduce the integrat-
ed total UV or UVA irradiance within 65% and integrated
total UVB within 610% with greatest uncertainty below 305
nm. Although values from the curves were used for inter-
polation, the actual measured irradiances for 305, 320, 340,
and 380 nm were used in all rate calculations. As with the
light data, the actual Kd values derived from irradiance data
were used where available. The rate of photon absorbance
by CDOM, (Ial), was estimated from Eq. 3 (Miller 1998):

Area
,2KdlI 5 I (1 2 e )F (3)al 20l l V

where I20l is integrated downwelling irradiance just below
the surface in Ein cm22 nm21 d21, the term in parentheses
represents attenuation by the system over a pathlength of l,
Fl is the fraction of light absorbed by CDOM determined
from the ratio of aCDOMl : Kdl, Area is the area of the light
beam in cm2, and V is the volume of the solution in dm3.
The irradiation geometry for all treatments is assumed to be
equal with uniform light distributed over the surface area of
the mesocosms. Because Kd was corrected for light geome-
try, the maximum depth of the mesocosms (2.25 m) was
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Fig. 4. Apparent quantum yields for photobleaching of CDOM
absorbance. These yields are calculated as the slope of the least-
squares regression lines of absorbance loss at a particular wave-
length versus Ein absorbed at that same wavelength. Error bars are
the 95% confidence intervals for the regression slope coefficients.

used as the average pathlength of the diffuse underwater
light.

Calculated CDOM absorbance rates may underestimate
actual rates because downwelling irradiance was used in-
stead of scalar irradiance (E0). However, because the ratio
K0 : Kd varies only between 1.01 and 1.06, measured Kd also
reasonably predicts attenuation of scalar irradiance (Kirk
1994). The exact ratio of E0 : Ed is a function of the ratio of
the scattering to absorption coefficients, but is ,1.8 for most
coastal waters (Kirk 1994). In the present study, the data
required to quantify scattering in the mesocosms are not
available. However, an estimate can be made as to whether
or not scattering changed over time. As Kd is a manifestation
of all attenuation processes (i.e., reflection, absorption, and
scattering), the ratio of total absorption to Kd should remain
constant if scattering remains constant. In the absence of
absorbing particles, absorption processes can be defined as
the sum of aCDOM 1 absorption due to water 1 absorption
due to plankton (Baker and Smith 1982). By use of the bio-
optical predictive model of Baker and Smith (1982) in con-
junction with the measured daily Chl a concentration in the
mesocosms, the absorption coefficients of pure water (Kirk
1994) and the daily mesocosm aCDOM measurements, the ratio
of total absorption to Kd in the mesocosms varied by less
than 4% during the experiment. This is within the estimated
5% error for the Baker and Smith model. Thus, the ratio of
scattering to absorption, and consequently the ratio of E0 to
Ed, appeared relatively constant. On the other hand, the same
processes that maintained stable Kd values during the exper-
iment, i.e., the concurrent decreases in aCDOM and the increas-
es in Chl a concentration, resulted in decreasing F ratios.
However, the decreases in F ratios were not significantly
different among the treatments. To account for these chang-
es, Fl for a given dayt was calculated using the average
aCDOMl of dayt and dayt11.

Zero-order rate constants were calculated from the slopes
of the least-squares linear regression fits of aCDOMl versus
cumulative Ein absorbed. In effect, the slopes with units of
aCDOM (Ein absorbed)21 approximate the apparent quantum
yields for photobleaching in the mesocosms. The term ap-
parent quantum yield is used cautiously here to denote the
lack of a molar basis for aCDOM and the probable interactions
of light from different wavelengths. In the first instance,
aCDOMl was plotted against the cumulative number of Ein
absorbed at that particular l. For example, daily values of
a305nm were plotted as a function of the Ein absorbed at 305
nm (Fig. 4). Correlation coefficients averaged 0.973 for these
least-squares regressions. Two striking features are shown
by these rate constants. First, in the UVB regions, the NAT
light treatments of both mixing systems have higher rate
constants than do their respective 1UVB treatments (signif-
icant difference at 305 and 320 nm in slow; at 305 in fast).
Second, the slow systems have consistently lower rate con-
stants than their respective light treatments in the fast sys-
tems (significant difference at 305 nm). Although these
regression analyses had very good correlations, photobleach-
ing was observed at wavelengths below 280 nm, where there
were no incident photons measured. A similar result has also
been reported in studies using monochromatic light (Kouassi
and Zika 1992). This suggests that the rate of photobleaching

at any wavelength is not exclusively dependent on photons
absorbed at that wavelength or that the destroyed chromo-
phore absorbed over a range of wavelengths. As such, rate
constants were also calculated for photobleaching versus to-
tal Ein absorbed 280–700 nm (Fig. 5A). In this case, which
is approximately equal to one-half the d21 rate with each day
having an irradiance equal to the mean irradiance of the 10
d for the respective light treatments, the two mixing groups
were also distinguishable from each other. The slow mixing
systems showed generally lower rate constants than the fast
systems, with significant differences between the NAT fast
and NAT slow for l , 305 nm. Within the slow systems,
the two light treatments had nearly identical photobleaching
rates at all wavelengths except below 315 nm, where the
1UVB system rates were slightly though not significantly
higher. Within the fast systems, the rates for the two light
treatments were not significantly different over the entire
spectrum. These same groupings were also seen in plots of
aCDOM loss versus total UV and total UVA Ein absorbed, with
the only significant differences being between NAT fast and
NAT slow at l , 310 nm (Fig. 5B,C). The rates calculated
versus total UVB absorbed (Fig. 5D), however, stand out
from these trends. Here the treatments were more closely
grouped in terms of light treatments rather than mixing with
the two NAT treatments having faster rates than the 1UVB
treatments, which indicates that the added UVB radiation
affected photobleaching rates, but in an unexpected manner
(discussed later). In addition, the trend of faster photobleach-
ing in the fast systems as compared to their respective slow
light treatments demonstrates a mixing control.

Spectral changes in CDOM absorption—Least-squares re-
gression fits of the natural logarithm of CDOM absorption
coefficients versus wavelength were used to calculate a spec-
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Fig. 5. Apparent quantum yields for photobleaching of CDOM
absorbance calculated from least-squares regressions versus ab-
sorbed doses from different regions of the radiation spectrum. Ap-
parent quantum yields calculated using (A) the cumulative absorbed
dose from 280–700 nm, roughly equivalent to a one-half the rate
of loss d21 assuming each day received irradiance equal to the av-
erage of the respective light treatments; (B) the total cumulative UV
(280–400 nm) absorbed dose; (C) the cumulative total UVA (320–
400 nm) absorbed dose; and (D) the cumulative total UVB (280–
320 nm) absorbed dose. Error bars are the 95% confidence intervals

Fig. 6. Temporal variation in CDOM spectral slopes for the dif-
ferent mesocosm treatments. The slopes at each time point were
calculated from ln (aCDOMl) versus l over the wavelength interval
270–495 nm. Error bars are the 95% confidence intervals for the
regression slope coefficients.

←

for the regression slope coefficients. For sake of clarity, error bars
are not included in (A), (B), or (C), see text for significant differ-
ences.

tral slope factor termed S. (Note that the slope of ln aCDOM

versus wavelength is a negative value when wavelengths are
used in ascending order on the x axis; however, most authors
report S as the absolute value of this slope.) Previous studies
have used S to compare the spectral characteristics of
CDOM absorption or to extrapolate CDOM absorption co-
efficients for the entire spectrum from measurements at just
one or a few wavelengths (Bricaud et al. 1981; Carder et al.
1989). However, the wavelength range over which the re-
gression is performed has a substantial effect on the S ob-
tained (Carder et al. 1989; Coble and Brophy 1994). For this
reason, the regressions were determined over a fixed wave-
length range from a lower limit of 270 nm. The upper wave-
length limit of 495 nm was chosen to correspond to the
lowest observed absorbance reading above the detection lim-
it in any treatment or day and was found to occur in the
NAT fast treatment on day 10. Therefore, reported S values
are for ln aCDOMl versus l (270 to 495 nm) for all treatments
and days (Fig. 6). Correlation coefficients for the regressions
were .0.99.

The evolution of biochemical and photochemical process-
es during the experiment resulted in a change in the spectral
characteristics of CDOM absorption. Figure 6 shows that
there was a steepening in the spectral slopes for all treat-
ments over the course of the 10 d. There was a slight dif-
ference in S with mixing treatments. Values for S in the fast
systems increased 13.9% and 15.6% in the NAT and 1UVB
light treatments, respectively, whereas S in the slow systems
increased 9.9% and 9.8% in the NAT and 1UVB treatments,
respectively. Although these differences were significant on
day 10, the trends over time indicate that only the 1UVB
fast systems displayed a consistently different response.
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Discussion

Owing to significant technical challenges, the majority of
standing marine DOM pools remains ill defined in terms of
chemical composition and structure (Hedges 1992), with
DOM released from planktonic or bacterial activity being
equally enigmatic. Although the DOM pool was not char-
acterized in the present work, changes in DOC concentra-
tions indicate active cycling of the DOM pools (Fig. 2D,H).
Numerous previous studies have shown that releases of
DOM through direct algal exudation, bacterial activity, and
grazing are significant sources of marine DOM (Biddanda
and Benner 1997; Stromm et al. 1997; Carlson et al. 1998),
all of which were present in the mesocosms. Thus, in con-
trast to previous photochemical studies using filtered-water
samples, DOM pools in the current study were evolving with
time due not only to photochemical changes but also to com-
positional changes caused by biological production and con-
sumption. Therefore, the results here represent the interde-
pendent evolution of optical properties, photochemical
processes, and biological activity in the mesocosms and may
serve to bridge the gap between laboratory-based photo-
chemical investigations and field observations. The concur-
rent biological activity may directly influence the optical
properties of CDOM through production of compounds with
different spectral absorbance characteristics or through pref-
erential consumption of one part of the CDOM pool. At the
same time, differing photoreactivities of algal-derived DOM
may influence photochemical kinetics or possibly yield pho-
toreactions not common to the initial mesocosm DOM,
which in turn affects the CDOM optical properties.

Changes in S over the 10 d of the experiment may ex-
emplify the processes that yield changes in CDOM proper-
ties with distance offshore. Since the mesocosms were filled
with coastal waters from the St. Lawrence Estuary, the initial
DOM pool was most likely terrestrially influenced. Photo-
chemical degradation studies of filtered estuarine and fresh-
water samples have demonstrated that photobleaching in the
absence of biota causes S to decrease (Miller 1994; Morris
and Hargreaves 1997; Gao and Zepp 1998). In contrast, tran-
sect studies in coastal waters off the Eastern U.S. indicate
that although CDOM absorption coefficients decrease with
distance offshore, S values increase (Vodacek et al. 1997).
A similar pattern of increasing S with increasing salinity has
been noted in a wide range of coastal waters (Brown 1977;
Blough et al. 1993; Nelson and Guarda 1995). This is per-
haps not surprising given the isotopic and compositional dif-
ferences of terrestrial and marine humic substances, which
depict a change to a principally marine source for DOM with
distance offshore (e.g., Guo and Santschi 1997). Carder et
al. (1989) have suggested that changes in S may reflect dif-
fering proportions of humic and fulvic acids contained with-
in CDOM with fulvic acids having higher S values than hu-
mic acids. Larger spectral slopes of marine CDOM are
therefore possibly related to the higher percentage of fulvic
acids in marine DOM (Malcolm 1990). Thus, the increase
in S with salinity has been interpreted as both a mixing pro-
cess involving terrestrial and marine end members (Blough
et al. 1993; Nelson and Guarda 1995) and by photobleaching

in combination with changes in the source of CDOM (Gao
and Zepp 1998). Although there were no changes in salinity,
the results from the present experiment follow the transect
data in that as aCDOM was decreasing, S was steepening. Tak-
en with the changes observed in DOC concentrations, the
changes in S may reflect a move toward a more marine-
influenced CDOM pool in the mesocosms either through
photochemical or biological processes or a combination of
the two.

Bacterial activity has been proposed to alter the molecular
weight of DOM and cause subsequent increases in S (Pages
and Gadel 1990; Vodacek et al. 1997). Other studies have
shown that bacterial activity can transform low molecular
weight (LMW) material into high molecular weight (HMW)
material (Brophy and Carlson 1989). Nelson, et al. (1998)
have suggested that CDOM production near the Bermuda
Atlantic Time Series (BATS) station in the Sargasso Sea is
controlled by microbial activity, but they did not report
whether S was also influenced by microbial activity. Their
S values fall at the upper end of most reported values, but
it is noteworthy that they reported the highest values of S in
the near-surface layer where photodegradation would be
greatest. Likewise, Mopper et al. (1996) found that the spec-
tral slopes of deep-water DOM from the Central Pacific were
lower than surface samples, but whether this is a consistent
trend is unknown. Vodacek et al. (1997) concluded that pho-
todegradation and/or bacterial use of photo-oxidation prod-
ucts may be responsible for the shift in S during inshore
offshore transects in the Atlantic Bight. Phototransformation
of labile products into more refractory products has been
shown (Keil and Kirchman 1994; Naganuma et al. 1996;
Benner and Biddanda 1998), but information on accompa-
nying changes in CDOM spectral characteristics is lacking.
Both Vodacek et al. (1997) and Nelson et al. (1998) con-
cluded that the direct in situ production of CDOM by phy-
toplankton was probably not involved due to the lack of
strong covariance of Chl a concentration and CDOM. More-
over, other authors have noted the lack of strong correlations
between Chl a concentration and CDOM (DeGrandpre et al.
1996; Rochelle-Newall et al. 1999), which suggests that if
direct phytoplankton production is a significant source of
CDOM, then Chl a and CDOM must be produced or de-
graded at different rates during and after a phytoplankton
bloom (Carder et al. 1989). Nonetheless, Coble and Brophy
(1994) have suggested that changes in S may be due to the
direct biological production of compounds such as proteins,
amino acids, and carbohydrates, which absorb more strongly
in the UV range than in the visible, and possible diurnal
cycling of UV-absorbing compounds. Data from Vernet and
Whitehead (1996) support this suggestion that phytoplankton
exudates can influence CDOM absorbance characteristics at
least on a short timescale.

In the present experiment, the steepening of S was posi-
tively correlated (r 5 0.7, p , 0.01) with Chl a concentra-
tion, whereas no such covariance was observed with bacte-
rial abundance. However, the steepening of S was also
positively correlated with the absorbed radiation dose (r 5
0.85, p , 0.01). Gao and Zepp (1998) demonstrated that the
LMW , 1 kDa fraction separated by ultrafiltration had a
different wavelength dependence for rates of photobleaching
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than the unfractionated parent material. This may be relevant
in the mesocosms considering that the majority of DOM
released by phytoplankton is likely to be of low molecular
weight, MW , 1 kDa (Jensen 1983; Lancelot 1984; Ridal
and Moore 1993). Gao and Zepp’s study indicates that pho-
tobleaching of the LMW fraction under full-spectrum light
is slower in the UVB wavelength range than the UVA range.
These results imply that a shift toward lower molecular
weight DOM could change the wavelength dependence of
photobleaching such that further photobleaching would re-
sult in increased S.

The results from the current study might be equally well
explained by solely considering the kinetics of photobleach-
ing in optically thick systems. In contrast to optically thin
systems where half-lives are independent of concentrations,
the half-life of aCDOM in optically thick systems is dependent
on initial concentration (Zepp and Cline 1977). Therefore,
half-lives decrease with increasing wavelength due to lower
initial absorbances and despite the slower photobleaching
rates. For example, the average half-life for aCDOM at 280 nm
for the four systems was 36.4 d, whereas the average half-
life at 450 nm was only 13.5 d. Consequently, photobleach-
ing as observed in the mesocosms would yield an increase
in S with time. However, both initial aCDOM and photobleach-
ing rates may have been influenced by biological activity.
Thus, based on the current results, it is impossible to deter-
mine the relative importance of biological (phytoplankton or
bacterial) production of absorbing moieties versus the pho-
tochemical reactivity of DOM on the changes in S. Never-
theless, during the experiment, there was an evolution of
aCDOM spectral characteristics demonstrating that transfor-
mation and/or replacement of CDOM through in situ pro-
cesses can alter S, and mixing of waters with different
CDOM pools need not be involved.

Changes in aCDOM are the net result of the difference in
production processes and removal processes. The measured
decreases in aCDOM demonstrate that over the course of the
experiment the production rates were slower than the re-
moval rates. Although the production and removal processes
may both depend on biological or photochemical activity,
the strong correlation of CDOM absorbance loss with radi-
ation dose and the lack of correlation with bacterial abun-
dance suggests that the primary removal mechanism in the
mesocosm was photochemically mediated. Earlier studies
using monochromatic light sources have shown that the
maximum loss in CDOM absorbance occurs in the region of
the wavelength of irradiation, but smaller absorbance losses
at other wavelengths occur concurrently (Kouassi and Zika
1992). Gao and Zepp (1998) hypothesized that photobleach-
ing was the result of both direct photoreactions of CDOM
and secondary reactions involving active oxygen species.
Rate data from these two investigations showed faster ab-
sorbance loss at short wavelengths than at longer wave-
lengths for unfractionated CDOM under full-spectrum irra-
diation. In principle, these results imply that 1UVB
treatments in the present work should have had more pho-
tobleaching than NAT treatments, especially at UVB wave-
lengths where the added radiation from the lamps was the
greatest. The mesocosm results are somewhat contrary to
this presumption.

In the fast mixing regime, aCDOM losses and photobleach-
ing rates (versus total Ein absorbed) in the NAT light system
were nearly identical to the 1UVB light system. Although
the UVA, UVB, and total absorbed doses in both mixing
systems were slightly higher in the 1UVB treatment, the
only significant differences were for the absorbed UVB dose
(ANOVA p , 0.01). Examination of the rates shown in Fig.
5D, however, reveals that the response to total UVB-ab-
sorbed dose was on average 1.9 times less in the 1UVB fast
system than in the NAT fast system. In the slow systems,
the 1UVB light treatment had an average 1.7-fold decrease
in response compared to the 1UVB treatment. A reduction
in response to UVB radiation in photobleaching in associa-
tion with the increased UVB radiation provided by the lamps
is perplexing. It suggests that there may be a mechanism or
mechanisms by which the photobleaching effects of the add-
ed UVB were mitigated, such as the stimulation of CDOM
production. In other words, without a light influence on
CDOM production, aCDOM loss per absorbed UVB photon
should have been relatively equal within each of the mixing
treatments due to the similarities of other measured param-
eters. This would have then produced larger absolute losses
of absorbance in the 1UVB systems compared to the NAT
systems, which was not seen in the fast systems.

One possible mechanism for a reduction of photobleach-
ing response to increased UVB is photoreactions that yield
more strongly absorbing products from weakly absorbing re-
actants. Kieber et al. (1997) have proposed photo-oxidation
of triglycerides and fatty acids as an integral part of the
humification of algal-derived DOM. They showed that the
photo-induced humification of fatty acids added to sterile
seawater resulted in a postirradiation increase in absorbance.
Although full sunlight incubations were used and a wave-
length dependence was not given by Kieber and coworkers,
a UVB influence on the process could in part explain the
patterns seen in the mesocosms. Indeed, Wheeler (1972) has
shown that UV irradiation, 290 to 450 nm of sterile seawater
containing linoleic acid, linolenic acid, or a phytoplankton
lipid extract consistently resulted in increased UV absor-
bances, which indicates that the photochemical reaction
products absorbed UV radiation more intensely than their
precursors. Recent work has suggested that enhanced UVB
can promote production of some fatty acids by phytoplank-
ton (Wängberg et al. 1999). However, the results were not
consistent and may be related to the species present or the
nutrient status of the exposed cells (Goes et al. 1994). Either
an increase in released fatty acids with increased UVB ex-
posure or a UVB-driven humification reaction could act to
retard photobleaching rates under enhanced UVB.

Another possibility for a UVB-induced effect resulting in
increased UV absorbance is the production of photoprotec-
tive pigments or other compounds by plankton that subse-
quently become incorporated into the CDOM pool (Vernet
and Whitehead 1996). Microsporine-like amino acids
(MSAAs) have been proposed as photoprotective com-
pounds produced by phytoplankton under UVB stress (Kar-
entz 1994). Release of these compounds, which absorb
strongly in the UV range, into the DOM pool could alter
aCDOM values. However, MSAAs measured in phytoplankton
from random samples during the experiment were very low
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to nondetectable (Roy pers. comm.). Although it seems un-
likely, based on these random samples, that MSAAs were
released in large enough quantities to have an influence on
CDOM absorption, Vernet and Whitehead (1996) indicated
that the accumulation of MSAAs in the DOM pool was not
a simple function of intracellular concentrations. The re-
ported molar extinction coefficients for these compounds are
very large (28,100 to 44,700 liter mole21 cm21) in the UV
region. Based on these molar extinction coefficients and ab-
sorption spectra, absorbance due to MSAA concentrations in
the nanomolar range should be detectable with the spectro-
photometer used in the current study and would contribute
almost exclusively to absorbance in the UV range.

In contrast with the fast systems, the slow mixing systems
appeared more consistent with previous filtered-water deg-
radation studies. With slower mixing and lower concentra-
tions of plankton-derived products, photoreactions in the
1UVB slow light treatment yielded higher absorbance loss-
es and faster photobleaching rates (versus total Ein absorbed)
than the NAT slow system at the wavelengths below 315
nm (Fig. 5A). This would be expected based on previous
results showing faster photobleaching rates of unfractionated
DOM at UVB wavelengths (Gao and Zepp 1998) and the
augmentation of UVB provided by the lamps. However, ex-
amination of Fig. 4 shows that the rate constant at a specific
UVB wavelength per Ein absorbed at that wavelength is
smaller in the 1UVB slow system than the NAT slow sys-
tem. This indicates lower photobleaching quantum efficiency
for UVB photons in the 1UVB light treatment and that the
degree of photobleaching was not directly proportional to
the increase in UVB. In effect, although the slow systems
behaved more like a filtered-water sample, the influence of
biological activity and its consequences on photoreactions
were not totally eliminated. Furthermore, the influence of
mixing (discussed below) tended to retard photobleaching in
the slow systems and its influence would also tend to yield
less photohumification reactions if these reactions mainly in-
volved UVB or short UVA light.

Although the seemingly equivocal photobleaching results
in response to enhanced UVB in the present study are prob-
ably due to both changes in CDOM optical properties and
photoreactivity resulting from biological activity of the sys-
tems, they do not control it completely. In fact, the results
clearly show that the rate of photobleaching is faster than
the rate of any photo-induced humification or replacement
of destroyed chromophores by new plankton-derived ones.
This implies that physical factors influencing the photo-
bleaching reactions can outweigh biological influences.
Comparison of the two mixing regimes also gives some in-
sight into physical influences. The same general pattern of
photobleaching was seen for both mixing regimes, which
argues in favor of comparable biological inputs to the pho-
tobleaching process. Thus, if biological processes were the
primary factor controlling photobleaching, then the slow sys-
tems should have shown greater photobleaching due to the
smaller input of plankton-derived DOM. Accordingly, the
two slow light treatments should have behaved more like
filtered-water studies. An argument has been made for the
latter case (discussed earlier); however, overall the slow sys-
tems had slower photobleaching rates and lower losses than

the fast systems. This behavior is consistent with views on
the role of mixing in aquatic photochemistry. Studies such
as those by Plane et al. (1987) and Doney et al. (1995) have
shown that mixing rates can exert a strong influence on the
rates and distribution of photoprocesses in the water column.
In general, lack of or slower mixing confines photoreactions
to the very top of the water column in water bodies where
there is strong light attenuation of wavelengths involved in
the photoreactions and the rates of these primary photore-
actions decrease exponentially with depth (Plane et al. 1987).
With more thorough mixing, fresh photochemical reactants
are continually added to the photoactive layer, which results
in higher rates of photolysis for the entire water column
(Hedlund and Youngson 1972). In the mesocosms, the depth
of 1% UVB radiation was ;1 m, or about half the depth of
the water column, and less than 1.5 m for the shorter wave-
lengths of UVA (Fig. 1C). As such, the lower half of our
water columns was essentially devoid of primary photore-
actions resulting from UVB wavelengths and about 50% of
UVA wavelengths. On the other hand, 19% of near-surface
PAR was still present at the maximum depth of 2.25 m.
Thus, the water flow rates through the upper 1 m should
have a direct influence only on the photochemical processes
depending on UV radiation.

Primary photochemical reaction rates are directly propor-
tional to the rate of light absorption only in completely
mixed, optically thin water bodies or where the reactant is
the sole absorber (Zepp and Cline 1977). In optically thick
water columns with competition amongst chromophores for
photons, differences in mixing rates can affect photochemi-
cal reaction rates. The differences in turnover due to the
mixing regimes dictates that the volume passing through the
upper 1 m, approximately the UV photoactive layer, in the
fast systems be approximately 3 times greater than the slow
systems. The faster turnover would tend to limit the extent
of CDOM self-shading and increase photoreaction rates. In
contrast, longer wavelengths in PAR were present to the
maximum depth of the mesocosms, and therefore flow
through the upper 1 m would be less important. In effect,
the faster turnover acts to produce a photoactive layer that
appears deeper than it actually is and the influence should
be greatest at shorter wavelengths where the attenuation with
depth is the fastest and self-shading is the greatest. The slow-
er photobleaching in the slow systems at all wavelengths
combined with the measured wavelength dependence of light
attenuation indicates that the majority of all photobleaching,
even that extending into PAR, originates from light absorbed
in the UVB and short UVA wavelength ranges.

There are many difficulties in extrapolating from labora-
tory-based photochemical studies to natural aquatic systems.
In particular, rates of absorption by reactants depend on ac-
curate predictions of in situ light penetration into the water
column, which are complicated in the presence of plankton
and other suspended particulate matter. Previous suggestions
that increases in UVB due to stratospheric ozone loss would
produce more photobleaching at UVB wavelengths and sub-
sequently deeper penetration of UVB appear to oversimplify
the interactions of these biotic and abiotic influences on pho-
toprocesses in the water column. Although the mesocosm
results clearly indicate a major role of UVB radiation in
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CDOM photobleaching, the enhancement of UVB did not
result in a proportional increase in photobleaching. The re-
sults here indicate that concurrent biological activity can
modify, but apparently not prevent, the photobleaching pro-
cess. Thus, in situ photobleaching may not only depend on
incident light characteristics, but also on concurrent biolog-
ical activity. In addition, mixing processes will play an im-
portant role in determining the magnitude of CDOM absor-
bance loss. The results also suggest that photo-induced
transformations in the presence of recently produced DOM
may cause the CDOM spectral slope to increase. Conse-
quently, the ratios of UVB to UVA and PAR would be re-
duced following photobleaching, although penetration of all
wavelengths would increase. Although photodegradation of
apparently refractory DOM has been shown to stimulate bac-
terial activity, recent observations suggest that DOM pools
that include freshly released DOM may be rendered less bio-
available. Despite the fact that bacterial abundance decreased
in the mesocosms, the systems are too complex to justifiably
argue photochemical processes as the principal cause. Nev-
ertheless, the mesocosm results may be a further indication
of a dual role for photochemical processes in oceanic DOM
cycling such that some labile plankton byproducts are in-
corporated into the CDOM pool while more refractory ma-
terial is altered to enhance bioavailability.
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