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ABSTRACT
Dissolved organic matter (DOM) contains molecules
that absorb light at various wavelengths. This chromophoric DOM (CDOM) influences the transmission
of both visible and ultraviolet energy through water.
The absorption of light by CDOM often causes structural changes that reduce its capacity to further absorb
light, a process termed ‘photobleaching‘. A model was
designed to assess photobleaching through the entire
water column of lake ecosystems. The model uses
lake morphometry and dissolved organic carbon
(DOC) concentration in conjunction with a defined
solar spectrum and experimentally measured photobleaching rates to compute the total water columm
photobleaching. The model was initially applied to a
theoretical ‘average‘ lake using solar spectra for both
the north (N) and south (S) temperate western hemispheres and variable DOC from 0.3 to 30 mg L⫺1. The
consequences of varying waveband-specific photobleaching coefficients and lake morphometry were
explored in a second set of simulations. Finally, the
model was also applied to four temperate northern
lakes for which we had prior measurements of CDOM
photobleaching rates. The model demonstrates that

all three wavebands of solar radiation (UVB, UVA,
and PAR) contribute significantly to total water column photobleaching, with UVA being most important. The relative contributions of the three wavebands were invariant for DOC more than 3 mg L⫺1.
Total water column photobleaching at 440 nm was
three to five times faster under the UV-enriched solar
spectrum of the southern hemisphere. Increasing the
lake’s mean depth (from 0.37 to 9.39 m) resulted in
five- or 15-fold slower rates of total water column
photobleaching for DOC concentrations of 1 or 10 mg
L⫺1, respectively. Varying the waveband-specific photobleaching coefficients by 10-fold resulted in a similar change in total water column photobleaching
rates. Applying the model to four specific lakes revealed that photobleaching for the entire water column would reduce CDOM light absorption by 50% in
18 – 44 days under summer conditions.

INTRODUCTION

components in lakes (Scully and Lean 1994; Morris and others 1995). At high CDOM concentrations, lakes appear brown or ‘stained‘ in color;
whereas at low concentrations, they appear clear
blue. Thus, the concentration and optical properties of CDOM strongly influence the appearance
of lakes, and CDOM is associated with distinct
differences in ecosystem conditions (Williamson
and others 1999).
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Chromophoric dissolved organic matter (CDOM)
is one of the most important sunlight-absorbing
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CDOM loses absorptivity directly by sunlight exposure and indirectly through light-produced oxidants.
Both the light energy absorbed directly by CDOM, as
well as photogenerated oxidants, cause structural
changes in CDOM that reduce its capacity to further
absorb light, a process termed ‘photobleaching‘
(Whipple 1914; Strome and Miller 1978; Kieber and
others 1990; Backlund 1992). The loss of the ability to
absorb sunlight by CDOM is linked to a breakdown of
chromophoric sites and a reduction in molecular
weight (Strome and Miller 1978; Allard and others
1994; Bertilsson and Allard 1996). Photochemical
changes in CDOM alter the chemical composition
(Kieber and others 1990; Wetzel and others 1995;
Corin and others 1996) and increase the bioavailability of DOC (Geller 1986; Wetzel and others 1995;
Lindell and others 1995; Reche and others 1998).
Therefore, the changes promoted by CDOM photobleaching can affect lake metabolism by changing
both energy transmission in the water column (Morris and Hargreaves 1997; Reche and others 1999) and
bacterial carbon uptake and growth efficiency (Kieber
and others 1989; Mopper and others 1991; Reche and
others 1998).
CDOM photobleaching caused by ultraviolet-B
(UVB, 280 –320 nm), ultraviolet-A (UVA, 320 – 400
nm), or photosynthetically active radiation (PAR,
400 –700 nm) depends on quantum yields and the
incident total energy within each waveband. Maximum quantum yields for many photochemical
processes are in the UVB range (Kieber and others
1990; Moran and Zepp 1997). However, total energy in this band is at least 10-fold less than in the
visible band (Kirk 1994). The energy distribution
among wavebands varies geographically, depending on the transmission of each radiation band
through the atmosphere. Latitude, total air column
ozone concentration, cloudiness, and tropospheric
pollutants (Frederick and others 1989; Madronich
and others 1995) modify the relative contribution,
mostly of UVB and UVA, to total energy. In addition
to the selective transmission of different wavebands
through the atmosphere, the attenuation of solar
radiation in water is also wavelength-dependent,
and it is strongly related to dissolved organic carbon
(DOC) concentration (Morris and others 1995) and
its optical properties (Morris and Hargreaves 1997).
Longer wavelengths penetrate deeper into the water column, whereas shorter wavelengths in the
UVB and UVA range attenuate rapidly.
Therefore, the total photobleaching in the water
column of lake ecosystems is a function of several
factors including: (a) energy distribution among
wavebands at the Earth’s surface, (b) the attenuation of each waveband in the water column, (c) the

specific photobleaching rates associated with each
waveband, and (d) lake morphometry, which affects the volume of water susceptible to photobleaching. The relative importance of these factors
for the process of CDOM photobleaching needs to
be considered to assess the potential effects of lakespecific properties and environmental conditions.
These interactions are of increasing interest because
of the recognition that (a) DOC influences many
ecological and biogeochemical processes in lakes,
and (b) DOC is susceptible to change from stratospheric ozone reduction, acidification, eutrophication, climatic warming, and land use (Schindler and
others 1992, 1996; Yan and others 1996).
CDOM photobleaching is measured as the loss of
absorptivity over time for a given wavelength (Kieber
and others 1990; Molot and Dillon 1997; Morris and
Hargreaves 1997; Reche and others 1999). The ecological implications of CDOM photobleaching differ
depending on the wavelength selected. For example,
photobleaching measured at 440 nm has significant
implications for photosynthetic potential (one of the
chlorophyll-a absorption peaks is at 430 nm) relative
to photobleaching measured at 320 nm. Photobleaching at the longer wavelength (440 nm) would increase the transmission of PAR through the water
column, whereas photobleaching at the shorter wavelength would increase the transmission of potentially
damaging UV radiation.
In the present work, a model was designed to
assess how changes in both solar spectrum and
DOC concentration would modify total water column photobleaching. We initially assumed constant lake morphometry and waveband-specific
photobleaching coefficients for UVB, UVA, and
PAR. We subsequently assessed how variability in
specific photobleaching coefficients (for the three
wavebands) and lake morphometry would modify
total water column photobleaching. We also applied the model to four lakes to calculate how actual
differences among systems in DOC, experimental
photobleaching rates, and morphometry affect estimated water column photobleaching.

METHODS
Experiment to Calculate Waveband-specific
Photobleaching Coefficients
To determine the specific rates of CDOM photobleaching caused by UVB, UVA, and PAR, we performed an experiment using water from a stained
lake (Old Man McMullen Pond, Norfolk, Connecticut, 41°57⬘N, 73°15⬘W). The experiment consisted
of four treatments that manipulated the quality of
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Figure 1. Percentage of energy transmission in the three
experimental vessels (quartz, borosilicate, and UF-3
Plexiglas) as a function of wavelength measured on a
spectrophotometer.

light exposure. For these treatments, water was
incubated in either (a) quartz (Q) bottles, which
permitted transmission of the entire solar spectrum
(UVB ⫹ UVA ⫹ PAR); (b) borosilicate (B) bottles,
which permitted transmission of most UVA and all
PAR; (c) borosilicate bottles screened with UF-3
Plexiglas (P), which permitted transmission of PAR;
or (d) dark bottles that allowed no light transmission (Figure 1).
All treatments were run in triplicate. Lake water
was filtered through 0.22-m Millipore filters to
exclude particles and minimize bacterial influence.
The bottles were exposed directly to natural sunlight for 2 days (from sunrise to sunset) at the
Institute of Ecosystem Studies (IES; 41°50⬘N,
73°45⬘W). For absorbance measurements, subsamples were taken from each bottle seven to 10
times during the incubation period. The quartz and
borosilicate bottles had inner diameters of 42 and
46 mm, respectively, and corresponding volumes of
200 and 300 ml. Although these bottles are not
optically thin systems, their effects on measured
photobleaching rates are small relative to the variation we consider in the model and the variation
observed in photobleaching rates among systems
(see Reche and others 1999).
CDOM absorbance was measured at 440 and 320
nm in a Shimadzu UV-visible recording spectrophotometer using 10-cm quartz cuvettes and expressed
as absorptivity in m⫺1 (Miller 1998). Sunlight doses
for the PAR waveband were measured at the IES
site using a quantum sensor (LiCor model LI-190
SB). Sunlight doses for UVB and UVA were determined with a Biospherical Instruments Inc. (BSI)
GUV-521 atmospheric sensor located at Lake
Lacawac (41°23⬘N, 75°18⬘W) in northeastern
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Pennsylvania. IES and Lake Lacawac had similar
atmospheric ozone concentration and air pollution
during the incubation period of the experiment
(based on a comparison of satellite ozone readings
taken at the sites on the same dates). Therefore, we
applied the Lake Lacawac PAR:UVA and PAR:UVB
ratios to the IES site.
To obtain experimental photobleaching rates, we
followed the procedures of Reche and others
(1999). Because no significant changes in absorptivity were detected in the dark treatment, we attributed the loss of CDOM absorptivity to sunlight.
Absorptivities decreased with increasing sunlight
exposure, fitting negative exponential functions in
transparent (Q, B, and P) treatments as:
a nQ,B,P ⫽ a 0 e

⫺kbQ,B,PDnQ,B,P

(1)

where anQ, B, P are the absorptivities at  ⫽ 440
or 320 nm after their corresponding sunlight doses
(Dn). DnQ,B,P are the cumulative sunlight doses
(Em⫺2) for Q, B, and P treatments, respectively. The
initial absorptivity is a0(m⫺1) at  ⫽ 440 or 320
nm. Therefore, experimental photobleaching rates
for each treatment (kbQ,B,P) are the slopes of lnabsorptivities vs sunlight dose regressions:
lna nQ,B,P ⫽ lna 0 ⫺ k bQ,B,PD nQ,B,P

(2)

Waveband-specific photobleaching coefficients
were then calculated from the subtraction of the
regression slopes between treatments (Q–B and
B–P), assuming no interactions among wavebands
(see Discussion), as:
⫺k bUVB ⫽

lna nQ ⫺ lna nB
D nUVB

⫺k bUVA ⫽

lna nB ⫺ lna nP
D nUVA

⫺k bPAR ⫽

lna 0P ⫺ lna nP
D nPAR

(3)

where kbUVB, kbUVA, and kbPAR are the waveband-specific photobleaching coefficients associated with UVB,
UVA, and PAR wavebands, respectively. DnUVB,
DnUVA, and DnPAR are the sunlight doses corresponding
to UVB, UVA, and PAR bands. The ln-transformed
absorptivities in Q, B, and P treatments after receiving
sunlight doses are lnanQ, lnanB, and lnanP.

Model for Lake Ecosystems
A model was designed to assess how changes in
energy distribution among wavebands and DOC
concentration could affect the loss of CDOM ab-
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Figure 2. Schemes of lake
morphometry for the model.
Note that lake dimensions
are not to scale. In the second set of simulations, we
held constant S0 and bottom
surface, varying the basin
slopes (a) to obtain a range
from steep-sided to shallow
lakes. We also show details
of nomenclature used to calculate the corresponding
doses of UVB, UVA, and PAR
that reach stratum i. See Table 1 for definitions.

sorptivity for an entire lake. We call this loss ‘total
water column photobleaching.‘ It is important to
distinguish between this estimated result from the
model and the waveband-specific photobleaching
coefficients obtained from the experimental photobleaching rates (as measured in the experiment
described above). DOC concentration and energy
distribution among wavebands of the solar spectrum were used as variables in the model. Waveband-specific photobleaching coefficients (kbUVB,
kbUVA, kbPAR) were initially held constant, using values derived from the experiment. We varied these
coefficients in subsequent simulations.
The model lake had a truncated conical shape, a
maximum depth of 10 m, a surface area of 1 km2, and
a bottom area of 15,000 m2. Morphometric parameters for the model lake were selected based on the
high frequency of these attributes among world lakes
(Wetzel 1990). This prototype lake was divided into
1000 vertical strata for the model calculations (Figure
2). The volume of each stratum (from i to j depths)
was obtained using the equation:
V ⫽  兰 ji 共b – az兲 2dz

(4)

where b is surface radius, a is basin slope, and z is
depth. Symbols and units for the model are summarized in Table 1.
The loss of CDOM absorptivity in each depth stratum is a function of the energy (sunlight doses) that
reaches that stratum. Energy attenuation within the
water column depends on wavelength (Kirk 1994) as
well as the concentration and optical properties of

DOC (Morris and others 1995). Sunlight doses for
UVB, UVA, and PAR that reach each stratum were
calculated according to the expressions:
D i UVB ⫽ D oUVB e

⫺kd 305Zi

S i/S 0

D i UVA ⫽ D oUVA e ⫺kd 380Zi S i/S 0
D i PAR ⫽ D oPAR e ⫺kd 430Zi S i/S 0

(5)

where DiUVB, DiUVA, and DiPAR are UVB, UVA, and
PAR doses in stratum i (Em⫺2); DoUVB, DoUVA, and
DoPAR are UVB, UVA, and PAR doses that reach the
Earth’s surface; kd 305, kd 380, and kd 430 (m⫺1) are the
diffuse attenuation coefficients for UVB, UVA, and
PAR, respectively; Si is area (m2) of stratum i; S0 is
surface area (m2); and Zi is depth (m) of stratum i.
To assess the different effects of solar energy on
photobleaching, two contrasting distributions of energy among wavebands were considered: (a) a historical minimum of stratospheric ozone concentration
(Booth and others 1994) recorded in the southern
hemisphere at Ushuaia, Argentina (54°35⬘S,
68°11⬘W), and (b) a typical summer condition for the
northeastern United States at Millbrook, New York
(41°50⬘N, 73°45⬘W). Diffuse attenuation coefficients
were obtained from the empirical functions of Morris
and others (1995). A wavelength of 430 nm was
selected as representative of PAR attenuation because
this wavelength is coincident with one of the chlorophyll-a absorbance peaks (Reynolds 1984) and only
the shorter wavelengths within the PAR band have
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Table 1.

Experiment

List of Symbols for Experiment and Model Equations
Symbols

Definitions (units)

anQ,B,P
a0
kbQ,B,P
Dn Q,B,P
kbUVB, UVA, PAR

Absorptivities after sunlight exposure in Q, B, and P treatments (m⫺1)
Initial absorptivity (m⫺1)
Experimental photobleaching rates in Q, B, and P treatments ((E m⫺2)⫺1)
Sunlight doses received in the Q, B, and P treatments (E m⫺2)
Waveband-specific photobleaching coefficients associated with UVB, with
UVA, and with PAR ((E m⫺2)⫺1)
Solar doses corresponding to the UVB, UVA, PAR bands during incubation (E
m⫺2)
Solar doses corresponding to the UVB, UVA, PAR bands that reach stratum i
(E m⫺2)
Doses at surface level corresponding to UVB, UVA, PAR bands (E m⫺2)
Diffuse attenuation coefficients representative for the UVB, UVA, PAR
wavebands in water column (m⫺1)
Area stratum i (m2)
Surface area (m2)
Depth stratum i (m)
Absorptivities in the stratum i after the corresponding doses of DiUVB, DiUVA,
and DiPAR (m⫺1)
Water column mean absorptivities associated with UVB, UVA, and PAR (m⫺1)
weighted for the stratum volume (m⫺1)
Volume stratum i (m3)
Total volume of lake (m3)
Photobleaching due to UVB, UVA, and PAR (m⫺1)
Total photobleaching or loss of absorptivity in water column due to whole
solar spectrum (m⫺1)
Absorptivity in water column after total photobleaching (m⫺1)
Total water column photobleaching rate (d⫺1)
Time to reduce 50% of the lake absorptivity at  (d)

Dn UVB, UVA, PAR
Di UVB, UVA, PAR
Model
D0 UVB, UVA, PAR
kd305, kd380, kd430
Si
S0
Zi
aiUVB, UVA, PAR
āUVB, UVA, PAR
Vi
VT
–⌬aUVBR, UVAR, PAR
–⌬aTOTAL
aTOTAL
kwc
Half-life

Absorptivity was measured at  ⫽ 440 and 320 nm (m⫺1).

been related to photobleaching (Morris and Hargreaves 1997).
The corresponding doses of each waveband that
reach stratum i(Di UVB, DiUVA, Di PAR) lead to losses of
absorptivities following the general photobleaching
model (Eq. 1):
a iUVB ⫽ a 0 e

⫺kbUVB DiUVB

a iUVA ⫽ a 0 e

⫺kbUVA DiUVA

a iPAR ⫽ a 0 e

⫺kbPAR DiPAR

tration (mg l⫺1) and absorptivities at 440 and 320
nm (m⫺1) using data in Morris and others (1995).
The functions were:
a 0 440 ⫽ 0.324 关DOC兴 共r 2 ⫽ 0.68, P ⬍ 0.001,
n ⫽ 64兲
a 0 320 ⫽ 3.669 关DOC兴 共r 2 ⫽ 0.67, P ⬍ 0.001,
n ⫽ 64兲

(7)

(6)

where ai UVB, ai UVA, and ai PAR are the absorptivities at  ⫽ 440 and 320 nm after receiving their
corresponding doses; kb UVB, kb UVA, and kb PAR are
experimental photobleaching rate coefficients
caused by UVB, UVA, and PAR; and a0 is the initial
absorptivities at  ⫽ 440 and 320 nm. These initial
absorptivities were obtained from empirical regressions (y-intercept fixed at 0) between DOC concen-

To obtain the mean absorptivities for an entire,
well-mixed water column (āUVB, āUVA, āPAR), the
absorptivities for each waveband and for each stratum i weighted for the stratum volume were integrated from surface level (0 m) to 10 m:
i⫽10

ā UVB ⫽ 兺 a iUVB
i⫽0

Vi
VT
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i⫽10

ā UVA ⫽ 兺 a iUVA
i⫽0
i⫽10

ā PAR ⫽ 兺 a iPAR
i⫽0

Simulations to Assess the Effects of
Variation in Photobleaching Coefficients
and Lake Morphometry on Kwc

Vi
VT
Vi
VT

(8)

where Vi is volume of stratum i and VT is lake
volume.
The loss of absorptivity associated with each
waveband (–⌬aUVB, –⌬aUVA, and –⌬a PAR), then,
can be obtained as:
⫺ ⌬a UVB ⫽ a 0 –ā UVB
⫺ ⌬a UVA ⫽ a 0 –ā UVA
⫺ ⌬a PAR ⫽ a 0 –ā PAR

(9)

Assuming no interactions among wavebands, total
absorptivity loss (–⌬a TOTAL) is the sum of the absorptivity loss due to UVB (–⌬a UVB), UVA (–⌬a UVA),
and PAR (–⌬a PAR). We refer to this as ‘total water
column photobleaching‘—the quantity the model
was designed to calculate.
We can express the total water column photobleaching (a TOTAL ⫽ a0–⌬a TOTAL) obtained for 1
day of solar exposure as a rate (kwc):
ln
–k wc ⫽

冉

冊

a TOTAL
a 0
t

(10)

where t is time in days (solar doses expressed in d).
It is convenient to express this rate as a half-life (the
time to reduce 50% of the initial total CDOM absorptivity of the water column):
Half-life共d兲 ⫽

ln(0.5)
k wc

(11)

The relative contribution of each waveband to water column photobleaching was also calculated as:
–⌬a UVB
Contribution UVB 共%兲 ⫽
100
–⌬a TOTAL
Contribution UVA 共%兲 ⫽

–⌬a UVA
100
–⌬a TOTAL

Contribution PAR 共%兲 ⫽

–⌬a PAR
100
–⌬a TOTAL

In our initial analyses with the model, wavebandspecific photobleaching coefficients and lake morphometry were held constant. In a second set of
simulations, we varied these factors. Wavebandspecific photobleaching coefficients were varied
across an order of magnitude using the range of
kbUVB from 0.3 to 3 (Em⫺2)⫺1 (in steps of 0.3) while
maintaining the same original proportionality
among the specific kb values for UVB, UVA, and
PAR as calculated from the experiment. The corresponding range of experimental photobleaching
rates that involved the previous waveband-specific
rates is similar to that measured among lakes by
Reche and others (1999). To analyze the importance of lake morphometry, we varied the slope, a,
in Eq. 4 from 500 to 20 while holding lake surface
and bottom areas constant. At the extremes, the
range of morphometries thus generated runs from
steep-sided lakes with mean depths of 9.4 m to
quite shallow lakes with mean depths of 0.4 m.
DOC concentrations of 1 or 10 mg L⫺1 and the
temperate northern hemisphere solar spectrum
were used in these simulations.
Finally, we considered the implications of our
model for a specific set of lakes for which we had
previously measured photobleaching rates (Reche
and others 1999). We estimated the total water
column photobleaching for two soft-water lakes,
Peter Lake and Paul Lake, located at the University
of Notre Dame Environmental Research Center in
northern Michigan and two hard-water lakes,
Chodikee Lake and Stissing Lake, located in the
Hudson Valley region of New York. The basic model
was adjusted using measured experimental photobleaching rates, PAR attenuation coefficients, and
morphometry for each lake.

RESULTS
Experimental Determination of Specific
Photobleaching Coefficients Associated with
UVB, UVA, and PAR

(12)

Simulations of the model (implemented in Statistica BASIC language) were performed with Statistica V5.1. The code for the model is available from
I. R.

CDOM absorptivities declined exponentially with
sunlight dose, but rates varied by treatment (Figure
3). At both 440 nm and 320 nm, the highest losses
in absorptivity were observed under the whole solar
spectrum (Q treatment), whereas the lowest losses
were seen under PAR (P treatment). Regressions
between sunlight doses and the natural logs of the
absorptivities had significant negative slopes in all
cases, indicating that all wavebands contribute to
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Figure 3. Changes in absorptivities at 440 nm (A)
and at 320 nm (B) in the
water of Old Man MacMullen Pond under different
cumulative sunlight doses in
the treatments: quartz (UVB
⫹ UVA ⫹ PAR, white
squares), borosilicate (UVA
⫹ PAR, gray triangles), and
UF-3 Plexiglas (PAR, black
circles). Note ln scale for absorptivities.

Table 2. Results of the Experiment Designed to Calculate Waveband-specific Photobleaching Coefficients
using Water of Old Man McMullen Pond

Experimental
photobleaching
rates

Waveband-specific
photobleaching
coefficients

 ⫽ 440 nm

 ⫽ 320 nm

kbQ
kbB
kbP

56.09 ⫻ 10⫺4 ⫾ 3.20 ⫻ 10⫺4
36.65 ⫻ 10⫺4 ⫾ 2.03 ⫻ 10⫺4
24.52 ⫻ 10⫺4 ⫾ 2.84 ⫻ 10⫺4

61.17 ⫻ 10⫺4 ⫾ 1.83 ⫻ 10⫺4
30.08 ⫻ 10⫺4 ⫾ 1.04 ⫻ 10⫺4
8.71 ⫻ 10⫺4 ⫾ 0.44 ⫻ 10⫺4

kbUVB
kbUVA
kbPAR

1.78 ⫾ 0.41
0.052 ⫾ 0.013
24.52 ⫻ 10⫺4 ⫾ 2.84 ⫻ 10⫺4

2.85 ⫾ 0.26
0.088 ⫾ 0.002
8.71 ⫻ 10⫺4 ⫾ 0.44 ⫻ 10⫺4

The photobleaching rates obtained at  ⫽ 440 nm and  ⫽ 320 nm in the different treatments: quartz (kbQ), borosilicate (kbB), and Plexiglas (kbP) were used to calculate the
waveband-specific photobleaching coefficients associated with UVB (kbUVB), UVA (kbUVA), and PAR (kbPAR) (see Eq. 3).
Kb units ⫽ (E m⫺2)⫺1

photobleaching. The rates of photobleaching
(slopes) also differed depending on the wavelength
used to measure absorbance. A higher slope was
observed in the Q treatment for absorbances measured at 320 nm than for those measured at 440
nm. For the P treatment, the results were the reverse; a lower slope was observed for absorbances
measured at 320 nm than for those measured at
440 nm (Table 2).
From the differences among treatments (Q – B
and B – P, Eq. 3), were calculated the photobleaching coefficients associated with UVB, UVA, and PAR
(kbUVB, kbUVA, and kbPAR) at both 440 nm and 320
nm (Table 2). The loss of absorptivity per UVB dose
was two orders of magnitude higher than the loss of
absorptivity per UVA dose, and the loss of absorptivity per UVA dose was one order of magnitude (at
 ⫽ 440 nm) or two orders of magnitude (at  ⫽

320 nm) higher than the loss of absorptivity per
PAR dose. These photobleaching rates specific to
each fraction of the solar spectrum (kbUVB, kbUVA,
and kbPAR) were used as constants in the initial
model; we applied variations in these rates to a
second set of simulations.

Lake Simulations
The variables for this model were DOC concentration (range, 0.3–30 mg L⫺1) and solar spectrum
quality. One spectrum represents a summer day at
the IES site in the northern hemisphere (where the
photobleaching measurements were made), with
an energy distribution among UVB:UVA:PAR
wavebands of 0.056:1.255:50 Em⫺2. The other
spectrum represents the extreme enrichment in the
UVB and UVA wavebands seen at the southern
hemisphere site of Ushuaia, Argentina, with a
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Figure 4. Simulation results
for absorptivity half-lives at
440 nm (A) and 320 nm (B)
under two solar spectra:
northern temperate scenario
(NTS, black lines) and southern temperate scenario (STS,
dashed lines) and a wide
range of DOC concentrations
(from 0.3 to 30 mg L⫺1).

UVB:UVA:PAR ratio of 0.624:9.276:50 Em⫺2. UVB
and UVA were respectively about 10- and sevenfold
greater in the southern hemisphere spectrum. We
refer to these two spectra as the NTS (northern
temperate scenario) and the STS (southern temperate scenario). By comparing these scenarios, we can
assess how the loss of absorptivity in lakes differs
among regions in relation to UV exposure.
The result of photobleaching for a modeled lake is
represented in terms of a half-life of absorptivity
(that is, the time to reduce CDOM absorptivity by
50%). Thus, faster photobleaching means a shorter
half-life (faster loss of absorptivity) as was the case
for the STS compared with the NTS at all DOC
concentrations (Figure 4). An increase in DOC concentration yields a longer half-life. For example, the
half-life at 440 nm in the NTS was 6.6 d for a DOC
concentration of 0.3 mg l⫺1 and 342 d for a DOC
concentration of 30 mg l⫺1. The half-life of absorptivity at 440 nm in the STS for an identical range of
DOC concentrations varied from 1.2 d to 103 d.
Therefore, under the scenario of UV-enriched conditions, the half-life of absorptivity at 440 nm was
three- to fivefold faster in the STS depending on the
DOC concentration. Half-life at 320 nm followed a
similar pattern; it was five- to eightfold faster in the
STS than in the NTS, depending on DOC (Figure
4B). The differences in absorptivity half-life in the
STS compared with the NTS were more pronounced at 320 nm than at 440 nm.
One goal of the model was to assess the relative
contribution of each waveband to total water column photobleaching. In the NTS, PAR was the
waveband that contributed to the greatest loss of
absorption at 440 nm (Figure 5A). This contribution
ranged from 50% for lakes with a low DOC to about

70% for lakes with a high DOC. The UVB contribution to total water column photobleaching (at
440 nm) in the NTS decreased from 25% to around
10% as DOC increased. The UVA contribution was
very stable (at about 25%) across the DOC range
(Figure 5A). However, in the ultraviolet-enriched
conditions of the STS, UVA accounted for about
50% of water column photobleaching and was the
dominant waveband (Figure 6A). The UVB contribution decreased from about 50% to 30% as DOC
increased. The PAR contribution followed the same
pattern as the UVA one, but with lower values
(from 10% to 20%) (Figure 6A). The most significant difference between the two scenarios was the
PAR contribution to water column photobleaching
at 440 nm, which was less than 20% for the STS
and more than 50% for the NTS.
At 320 nm, UVA was the major waveband involved in total water column photobleaching (Figures 5B and 6B). The contribution of UVA increased
only slightly with DOC in the NTS scenario (from
around 45% to 50%), whereas the change was
greater for the STS (around 45%– 60%). PAR was
generally more important than UVB to water column photobleaching in the NTS. Alternatively,
UVB was significantly more important in the STS,
contributing about 35%, whereas PAR accounted
for less than 10%, irrespective of DOC concentration (Figure 6B). Asymptotes for the contributions
of each waveband to total water column photobleaching were reached at relatively low DOC concentrations. These contributions were almost constant for lakes with DOC concentrations of more
than 3 mg L⫺1 for both solar spectra.
To assess how waveband-specific photobleaching
coefficients and lake morphometry influence total
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Figure 5. Simulation results for the relative contribution
of UVB, UVA, and PAR to total water column photobleaching measured as loss of absorptivity at 440 nm (A)
and 320 nm (B) under the solar spectrum of the IES site
(NTS).

Figure 6. Simulation results for the relative contribution
of UVB, UVA, and PAR to total water colum photobleaching measured as loss of absorptivity at 440 nm (A) and
320 nm (B) under the solar spectrum of the Ushuaia site
(STS).

water column photobleaching was performed for another set of simulations (Figure 7). In this case, the
DOC concentration (1 or 10 mg L⫺1) and its optical
properties (a440:DOC ratio ⫽ 0.2) were fixed. To simplify the presentation of the results, the three waveband-specific photobleaching coefficients used in each
simulation were represented by the corresponding
values of the experimental photobleaching rate in
quartz (kbQ). This substitution also facilitates the comparison with previous studies in which experimental
photobleaching rates were calculated (for example,
Reche and others 1999). Variability in morphometry
considered in this set of simulations (lake mean
depths from 0.37 m to 9.39 m) resulted in changes in
absorptivity half-life of about fivefold for a DOC concentration of 1 mg L⫺1 and about 15-fold for a DOC
concentration of 10 mg L⫺1, irrespective of the waveband-specific photobleaching coefficient selected. The
effects of lake morphometry can be observed by comparing the half-life values for constant wavebandspecific photobleaching coefficients in lakes with different mean depths. For example, for a kbQ of 18.9 ⫻

10⫺4 (Em⫺2)⫺1 (kbUVB ⫽ 0.6 (Em⫺2)⫺1, kbUVA ⫽
0.0175 (Em⫺2)⫺1, kbPAR ⫽ 8.3 ⫻ 10⫺4(Em⫺2)⫺1) and
1 mg l⫺1 of DOC, the modeled absorptivity half-life is
18.8 d for a lake with a mean depth of 0.94 m and
75.2 d for a lake with a mean depth of 9.39 m (Figure
7A, dashed lines).
The 10-fold variability in the waveband-specific
photobleaching coefficients considered in this second set of simulations results in a 10-fold change in
absorptivity half-life for any given mean depth. The
effects of different waveband-specific photobleaching variabilities can be assessed by comparing halflives for a constant mean depth. For a lake with a
mean depth of 3.79 m, 10 mg l⫺1 of DOC, and a
ratio of a440 to DOC of 0.2, the half-life is 297.2 d for
a kbQ of 18.9 ⫻ 10⫺4 (Em⫺2)⫺1 and 68.0 d for a kbQ
of 85.1 ⫻ 10⫺4 (Em⫺2)⫺1 (Figure 7B, dashed lines).

Photobleaching in Specific Lakes
Estimated values of water column absorptivity halflife at 440 nm varied from 18.1 to 44.2 d in the four
lakes for which we had data on experimental pho-
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Figure 7. Simulation results for absorptivity halflives at 440 nm for a constant DOC concentration
of 1 mg l⫺1 (A) or 10 mg
l⫺1 (B), a constant a440:
DOC ratio (0.2) and variable lake mean depths and
waveband-specific photobleaching coefficients. On
the y-axis, we show only
the corresponding values
of the experimental photobleaching rates in quartz
(kbQ) to simplify. Numbers
on the isopletes are absorptivity half-lives in
days.

Table 3.

Results of the Model Simulations for Four Specific Lakes, Morphometries and DOC Properties

Lakes

Location

Paul
Peter
Chodikee
Stissing

46°13⬘N,
46°13⬘N,
41°46⬘N,
41°50⬘N,

89°32⬘W
89°32⬘W
74°9⬘W
73°37⬘W

a440
(m⫺1)

DOC
(mg l⫺1)

kdPAR
(m⫺1)

Mean
Depth
(m)

kb ⫻ 10⫺4
(E m⫺2)⫺1

Absorptivityc
Half-life (d)

1.4
2.2
3.7
1.1

4.0
7.7
7.7
4.2

0.77
0.99
2.10
1.16

3.7
5.7
2.8
4.6

7.0 ⫾ 1.9a
22.9 ⫾ 1.1a
45.4 ⫾ 3.8b
51.8 ⫾ 8.1b

26.3
44.2
22.2
18.1

a, b
Experimental photobleaching rates in borosilicate (kbB) or quartz bottles (kbQ) ⫾ standard errors obtained by Reche and others (1999)
Paul and Peter lakes are located in the University of Notre Dame Environmental Research Center (MI); Chodikee and Stissing lakes are located in the Hudson Valley (NY).
c
At 440 nm.

tobleaching rates, morphometry, and a440: DOC
(Table 3). The lake with maximum mean depth (5.7
m), Peter Lake, had the longest half-life, whereas
the lake with the fastest experimental photobleaching rate, Stissing Lake, had the shortest half-life.
Peter and Chodikee lakes had equivalent DOC concentrations (7.7 mg l⫺1) but different mean depths
(5.7 and 2.8 m, respectively) and experimental
photobleaching rates (kbB ⫽ 22.9 ⫻ 10⫺4 and kbQ ⫽
45.4 ⫻ 10⫺4, respectively). Half-lives differed by a
factor of two, reflecting the combined effects of
morphometry and experimental photobleaching
rates. Table 3 also suggests that in lakes with relatively similar a440:DOC ratios and mean depths,
such as Peter and Stissing lakes, the differences
observed in absorptivity half-life are driven by the
experimental photobleaching rates (derived from
measurements in these lakes; see Methods). These
differences in experimental photobleaching rates
are closely related to lake chemical conditions and
strongly correlated with alkalinity (Reche and others 1999). Thus, Stissing, a high-alkalinity lake, has

faster photobleaching and a shorter absorptivity
half-life than Peter, a low-alkalinity lake.

DISCUSSION
Model Results
Most photobleaching studies are only applicable to
the uppermost sunlit depths of natural waters. Although models have been proposed for other photochemical processes (Scully and others 1997), the
model proposed in this work is the first attempt to
estimate photobleaching at the scale of an entire
lake. A major finding of the current study is that
UVA and PAR, not just UVB, play an important role
in photobleaching when it is estimated for the entire water column. The model also demonstrates
that all wavebands of the solar spectrum contribute
to total water column photobleaching (Figures 5 and
6). Two important features of the model are accounting for the loss of light energy with increasing depth
and the variable exposure of depth strata depending
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on lake morphometry. These factors are critical in
determining photobleaching at an ecosystem scale.
It is well established that quantum-yield spectra
of specific photochemical reactions are generally
greater in the UVB range and tail to zero in the UVA
or PAR range (Kieber and others 1990; Scully and
others 1996; Moran and Zepp 1997; Miller 1998).
CDOM complexity, however, prevents a precise
definition of the molar concentration of chromophores present and restricts the use of quantum
yield for CDOM photobleaching (Miller 1998). Nevertheless, waveband-specific photobleaching coefficients caused by UVB were higher than specific
photobleaching coefficients associated with UVA or
PAR (compare kbUVB, kbUVA, kbPAR in Table 2). However, the model reveals that because of the rapid
attenuation of UVB with depth in the water column, UVA and PAR often account for a large fraction of water column photobleaching.
The model also illustrates how water column
photobleaching differs depending on the wavelength at which this process is measured (for example, 440 nm compared to 320 nm). Thus, in a study
focused, for example, on primary producers, photobleaching measured at wavelengths close to chlorophyll-a absorption peaks (that is, 440 nm) is relevant for understanding changes in photosynthetic
potential. In fact, DOC concentrations have been
reported as important controlling factors of primary
production (Jones 1992; Carpenter and others
1998); thus, photobleaching may interact with photosynthesis by affecting light availability.
Application of the model to specific lakes reveals
that the photobleaching process can be extremely
rapid, with half the absorptivity lost in 18 – 44 days
(Table 3). Thus, with no new input or formation of
CDOM, we would expect the four lakes we studied
to ‘clear‘ over the course of a summer. We have
weekly data on absorbance for Paul and Peter lakes
over several summers, and such a clearing as a
result of photobleaching does not occur. The values
of a440 are relatively constant (data not shown).
This means that photobleaching is balanced by new
inputs or other, as yet poorly understood processes
that generate CDOM in lakes.

Model Limitations
The model was designed to assess how different
solar spectra and differences in DOC concentration
(via energy attenuation in the water column) modify the loss of CDOM absorptivity for a water column. In designing this model, we made several
simplifying assumptions. Initially, we considered a
specific lake morphometry and fixed wavebandspecific photobleaching coefficients, but we varied
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these factors in subsequent simulations to explore
the consequence of these two assumptions. The
variability in the waveband-specific photobleaching
coefficients considered in the second set of simulations represents the experimental range obtained
by Reche and others (1999). We also assumed a
well-mixed water column to simplify the model;
however, recent evidence suggests that mixing can
significantly affect CDOM photobleaching (H. Zagarese personal communication).
We selected kd305, kd380, and kd430 as representative diffuse attenuation coefficients for the whole
UVB, UVA, and PAR bands, respectively. We used
an intermediate wavelength for UVB and UVA
bands to simplify the estimate of their corresponding attenuations. Integration of all wavelength-specific coefficients is expected to be close to the intermediate value we chose, but that depends on the
nature of the function that describes the change in
coefficients with wavelength. In the case of PAR
attenuation, 430 nm was used because photobleaching is caused only by the shorter PAR wavelengths (Morris and Hargreaves 1997), and 430 nm
is also a chlorophyll-a absorption peak. Diffuse attenuation coefficients were used to estimate the
solar energy of each waveband that reaches the
different strata, and we assumed that these coefficients were functions of DOC, as proposed by Morris and others (1995).
The use of the entire PAR waveband introduces
some error into our estimates of PAR attenuation in
the water column based on our use of an attenuation coefficient for 430 nm. Improvements to our
model in the context of PAR would require more
wavelength-specific measurements of (a) PAR at
ground level, (b) PAR attenuation in the water
column, and (c) photobleaching. The latter measurements (that is, wavelength-specific rates of
photobleaching by PAR) are currently quite limited,
consisting of measurements made at only a few
wavelengths and using wide wavebands as solar
doses.
To calculate the waveband specific photobleaching rate coefficients, no significant interaction
among wavebands in photobleaching was assumed
(Eq. 3). Different fractions of the solar spectrum can
have opposing effects on other photobiological processes. For example, UVB causes DNA damage, reducing growth; but UVA and PAR can induce repair
of that damage (Zagarese and others 1997). Such
effects have not been described for photobleaching,
so we cannot yet characterize them in a model.
Our model does not account for the effects of
particles. Light-scattering by particulate matter and
light absorption by phytoplankton can be important
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factors in light transmission (Kirk 1983). Our model
is only concerned with the interactions of dissolved
matter and light. This assumption is reasonable for
lakes where DOC is the major regulator of light, but
it is less adequate for highly eutrophic and/or turbid
lakes, where light attenuation by particles is significant (Kirk 1983).
Ideally, we would compare the results of our
model to data on photobleaching. However, there
are no direct measurements that we are aware of
for water column photobleaching in lake ecosystems. Such measurements would require detailed
depth profiles of photobleaching over time. Further, the process is difficult to estimate indirectly by
balancing photobleaching against other processes,
because there are few data on the rates of CDOM
input and formation in lakes. Thus, at this point,
our model is exploratory. It would require better
measurements of photobleaching in lake ecosystems in order to be used as an analytical tool for the
rigorous evaluation of hypotheses about photobleaching in the context of model prediction and
data analysis.

Inferences from the Model
The model suggests how solar spectrum quality,
DOC concentration, and DOC optical properties
(photobleaching variability and a440:DOC ratio) influence total water column photobleaching. These
factors interact with environmental conditions that
can induce both changes in solar spectrum quality
(Madronich and others 1995) and changes in DOC
concentrations or properties (De Haan 1992; Schindler and others 1992, 1996, 1997). Stratospheric
ozone concentration plays a major role in controlling the amount of UVB that reaches ground level
(McKenzie and others 1991; Madronich 1992), but
tropospheric ozone, aerosols, and pollutants also
affect the UVA and UVB that reaches the Earth’s
surface (Cabrera and others 1995). Therefore, natural factors (latitude, altitude, climatology, and so
on) and anthropogenic factors (stratospheric ozone
concentration, aerosols, gaseous pollutants, and so
on) can modify solar spectrum quality (the UVB:
UVA:PAR ratio). The model analysis indicates that
solar spectrum quality has a clear impact on absorptivity half-life (Figure 4). A solar spectrum enriched
in ultraviolet radiation (as in the STS, where ozone
depletion is significant) causes rapid photobleaching. The consequent faster loss of absorptivity under
those conditions will reduce UV attenuation, resulting in deeper penetration of this radiation through
the water column.
The model demonstrates that when the entire
water column is considered, both UVA and PAR

have significant effects on photobleaching and that
under some circumstances (that is, in high-DOC
lakes in the north temperate zone) UVB may be of
minor significance. The contributions of each waveband to total photobleaching were dependent on
solar energy distribution among wavebands (NTS vs
STS), wavelength selection used to measure absorptivity (440 nm vs 320 nm), and DOC concentration.
The intermediate penetration (Morris and others
1995) and specific photobleaching coefficients associated with UVA result in this waveband making, in
most cases, the greatest contribution to water column photobleaching, particularly in lakes with
DOC concentrations greater than 3 mg L⫺1. The
only exception was for the NTS scenario in which
the greatest contribution to water column photobleaching was by PAR at 440 nm (Figure 5A).
Therefore, the effect of PAR on water column photobleaching is related to solar spectrum quality and
the wavelength used to measure absorption. Potential increases in the UVB fraction of the solar spectrum due to stratospheric ozone depletion (McKenzie and others 1991; Madronich 1992) could lead to
a reduction in the role of PAR in total water column
photobleaching.
Based on the model simulations, absorptivity
half-life is expected to lengthen as DOC concentration increases (Figure 4) and to shorten as measured photobleaching rates increase (Figure 7).
Therefore, environmental conditions that modify
DOC and its optical photoreactivity are critical processes in aquatic systems (Schindler and others
1996).
Watershed inputs are important in determining
DOC concentrations in lakes (Rasmussen and others 1989; Caraco and Cole forthcoming). Chemical
conditions within lakes are also important in determining DOC concentrations and photobleaching
rates. For example, anthropogenic acidification can
decrease the solubility of humic substances, inducing coagulation and sedimentation (De Haan and
others 1983) and ultimately leading to a reduction
in DOC. Reche and others (1999) found that alkalinity and ionic strength are strongly correlated to
the variability in experimental photobleaching rates
observed among lakes. High alkalinities are associated with accelerated photobleaching. Anthropogenic factors that promote in-lake alkalinity generation—for example, climatic warming (Psenner and
Schmidt 1992; Schindler and others 1996; Sommaruga-Wögrath and others 1997)—may therefore indirectly increase photobleaching.
Eutrophication may also affect chromophoric
DOC concentrations due to the enhanced utilization of this carbon source by bacteria under phos-
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phorus-enriched conditions (Zweifel and others
1995; Reche and others 1998). Other environmental perturbations, such as forest fires and floods,
may increase DOC inputs in lakes (Schindler and
others 1992; Kelly and others 1997). Some of these
environmental stresses have opposing effects on
DOC concentration and light attenuation and consequently on photobleaching.
Complex physical, chemical, and biological processes influence the concentration, composition,
and optical properties (for example, the chromophoric content) of DOC in aquatic ecosystems.
Absorptivity is one of the most critical properties of
DOC, because the penetration of PAR and UV influences many ecological interactions and processes. Our study shows that the photochemical
dynamics that determine absorptivity may be dependent on ecosystem size and shape and absolute
concentration of DOC, as well as light energy input
across the wavebands of ultraviolet and short visible
light. These effects interact to influence the concentration and optical qualities of DOC. Further work is
still needed to integrate the processes leading to the
input and production of DOC with factors such as
light exposure and photobleaching, which cause
both the loss and transformation of DOC. This work
will help us to characterize the dynamics of DOC
and understand the effects of changing environmental conditions (for example, climate, UV exposure) on the ecological interactions in aquatic ecosystems.

Booth CR, Lucas TB, Morrow JH, Weiler CS, Penhale PA. 1994.
The United States National Science Foundation’s polar network for monitoring ultraviolet radiation. Antarctic Res Ser
62:17–37.
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