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a b s t r a c t

Changes in the concentration and spectral absorption of chromophoric dissolved organic matter (CDOM)
may strongly condition the optical properties of tropical and subtropical water bodies. We examined the
spatial distribution of CDOM-related absorption, spectral slope and vertical attenuation of solar radiation
in two shallow lakes in the Esteros del Iberá wetland system. In situ measurements were made to exam-
ine spatial variations in photobleaching yields in natural lake conditions. The results showed that ‘‘fresh”
allochthonous CDOM is more susceptible to phototransformations than either ‘‘aged” allochthonous
organic matter or autochthonous sources, if the distances from sources are considered as proxies for res-
idence time. Based on measured changes in absorption spectral slope in relation to solar ultraviolet irra-
diance, a model was developed which used CDOM as a non-conservative tracer of water masses. Spatial
changes in CDOM absorption within the lake were then used to compare photo related transformations to
those associated with conservative mixing.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Solar ultraviolet radiation plays an important role in modifying
the chemical and biological environment of aquatic ecosystems
[1,2]. Chromophoric dissolved organic matter (CDOM) is a major
regulator of these effects. The impacts of CDOM on primary pro-
ductivity and secondary production and the phototransformation
(degradation and bleaching) of dissolved organic matter have re-
cently received much study [3]. The degree of photodegradation
(reduction of molecular weight) and photobleaching (loss of
absorption in the ultraviolet and visible wavelengths) of CDOM de-
pends on the spectral intensity of the incident irradiance in the
water column and the duration of exposure, as well as on CDOM
photoreactivity and spectral absorptivity [4]. The photochemical
transformation of CDOM results in the production of low molecular
weight organic compounds and dissolved inorganic carbon. Conse-
quences for the aquatic ecosystem include the formation of toxic
photoproducts [5,6], increase in the pool of bioavailable carbon
substrates [7], impacts on secondary productivity, as well as
changes in the amount and spectral properties of light in the water
column with implications on photosynthesis and productivity.

The photoreactivity of CDOM is strongly influenced by its origin
and chemical composition [8,9]. CDOM from terrigenous sources
ll rights reserved.
has been shown to be sensitive to photo-induced degradation,
while plankton derived dissolved organic matter appears to be rel-
atively less photoreactive [10,11]. Direct and indirect reactions of
plankton derived dissolved organic matter and terrigenous CDOM
have also been shown to occur [10]. In many lake environments,
several sources of CDOM may be present and the resulting optical
heterogeneity will depend upon the proximity to sources, the
exposure history, and the degree of mixing between waters con-
taining different types of CDOM.

Recently, a number of important developments in the model-
ling and understanding of CDOM degradation processes have been
made. These studies, using one or more CDOM sources, have com-
pared the changes in the absorption characteristics of CDOM under
carefully controlled conditions [9,13,14], providing a basis for the
study of optical changes in aquatic ecosystems. One critical aspect
of these approaches is that experimental conditions often differ
from those in which the CDOM is generated and eventually min-
eralised. Few systematic studies have addressed the spatial vari-
ability of the photodegradation processes across optically
different areas of the same ecosystem, or in response to variable
conditions of irradiance, pH, salinity and temperature [12,15,33].
Such information could provide insights into carbon cycling,
hydrodynamics and effects of climate change on optical conditions.

In the present study, we examine the short term photobleach-
ing yields (changes in absorption magnitude with incident irradi-
ance in the ultraviolet wavelengths) and changes in absorption
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spectral slope for samples obtained from a range of habitats in sub-
tropical wetland lakes. The measured change in absorption spectral
slope with increasing incident irradiance are indicative of photo-
transformation in CDOM molecular structure (as well changes in
other compositional characteristics such as aromaticity [9]). In situ
measurements are then compared with lake optical conditions at
these same sites to examine trends in the spectral conditions of
the water column over time and space. Information on CDOM
absorption properties was then compared to modelled impacts of
conservative mixing to examine the relative importance of control
mechanisms of optical conditions in the study lakes.

2. Materials and methods

2.1. Study sites

Sampling and measurements in two shallow inland lakes in the
Esteros del Iberá wetland complex (Argentina) were made in
November and December 2006. Laguna Iberá is a shallow humic
lake (58 km2, average depth 3.1 m) located on the eastern border
(latitude 28.5� S, longitude 57.1� W) of the Esteros. The lake pre-
sents heterogeneous optical conditions and slowly evolving hydro-
logical conditions, which appear to be sensitive to local
environmental change [16,17]. Laguna Iberá receives CDOM rich
waters from a wetland lined river to the south (Río Miriñay) [18]
and is bordered by a small population centre (Fig. 1). To the north,
a small stream brings water from an extensive wetland area, dom-
inated by dense emergent vegetation, into the lake. Laguna Galarza
(latitude 28.0� S, longitude 56.7�) is a smaller and shallower lake
(16 km2, average depth 1.9 m) which presents more homogeneous
optical conditions (Fig. 1e). Both lakes present little vertical strati-
fication and are surrounded on several sides by rooted and floating
vegetation.

2.2. Methods

Sampling sites (75 sites in total) were selected in Laguna Iberá
(65 sites) and Laguna Galarza (10 sites) to include the widest range
of previously reported [19,20] optical and biological conditions
(Fig. 1a and e). Measurements of absorption properties, vertical dif-
fuse attenuation, chlorophyll-a fluorescence and incident solar
irradiance were obtained for each site. For a subset of sites (40),
changes in CDOM absorption characteristics with cumulative
exposure were determined in situ under natural sunlight and lake
temperature conditions. These sites were selected to cover most
optical conditions reported in previous studies [18,20].

Water samples (2 l) were collected at each site at a depth of
0.5 m for chlorophyll-a and CDOM absorption measurements. Ref-
erence measurements for spectral absorption and fluorescence
were made of the polyethylene sampling bottles using MilliQ
water prior to sampling. An aliquot of the sample (0.5 l) was fil-
tered twice with prerinsed Whatman GF/F glassfiber filters and
single use 0.22 lm polyethersulfone filters (Millex GP Filter Unit,
Millipore S.A., Malsheim, France) [18]. For the 40 sites for which
photodegradation was measured in situ, the filtrate was injected
directly into sterile Tedlar (polyvinylfluoride) sampling bags. Prior
to injection, bags were examined for the potential release of CDOM
using MilliQ water over a period of 24 h. No increase in absorption
was observed, allowing us to conclude that the Tedlar sampling
bags did not contribute to CDOM absorption or sample bias. The
spectral transmission of the Tedlar bags was measured and showed
a high transmittance throughout the visible (75%) and UV wave-
bands (UVB 55%, UVA 65%).

Bags containing filtered lake samples were then placed in a
wind sheltered cove on the western part of Lake Iberá (Fig. 1a).
Bags were fixed in a horizontal position, just below the surface of
the water (<1 cm depth), to allow a constant movement of lake
water around the bags. Samples were exposed from sunrise to sun-
set for a single day (average 12.5 h). One set of bags was exposed
for 1.5 sample days (17.5 h) to compensate for irradiance loss
due to clouds. Prior to initiating the experiment, a set of samples
(7) from different locations of lake was filtered (0.22 lm) and
stored for 12 h in the dark to examine changes in optical properties
not related to photodegradation.

Samples (30 ml) were obtained every 4 h from each Tedlar bag
after rinsing the external parts with sterilized water. Samples were
housed in dark glass containers, covered and stored at 4 �C until
analysis.

Absorbance scans were performed using a Lambda 25 spectro-
photometer (PES, Perkin Elmer) (scan speed of 4500 nm min�1).
A single, acid cleaned, quartz cuvette of 1 cm path length was used.
A Milli-Q blank was run before each scan to maintain baseline.
After acclimation in a temperature controlled room (18 �C), three
scans were performed for each sample and the average absorbance
was determined over a wavelength range of 200–800 nm, with a
spectral resolution of 1 nm. The average absorbance from 700 nm
to 720 nm was subtracted from each measurement to avoid prob-
lems related to minimal baseline changes. Absorption coefficients
(ak, m�1 were calculated from absorbance measurements (Ak) at
240, 270, 365 and 440 nm using ak = 2.303/0.01 � Ak.

One of the most useful parameters in the characterization of
CDOM is the spectral slope, associated with the near exponential
decrease in absorption with wavelength. Changes in spectral slope
have been related to changes in aromaticity and average molecular
weight [21,24–26]. Spectral slope coefficients (S) were estimated
[22,23] using a nonlinear fitting technique (Levenberg–Marquardt
minimising method) according to:

aðkÞ ¼ aoeSðk0�kÞ þ k ð1Þ

where ao is the absorption coefficient at k0 (e.g. 270 nm), S (nm�1) is
the spectral slope coefficient. The k term is a background parameter
near zero, included to examine the goodness of the exponential fit.
Spectral slopes were calculated over the spectral region from 270–
400 nm (S270–400), as slope intervals that extend into the visible
wavelengths have been shown to provide little additional informa-
tion for separating CDOM characteristics. Correlation coefficients
between the estimated exponential curve and the measured
absorption were found to be greater than 0.99.

Surface irradiance measurements were obtained every minute
directly above the lake (1 m) throughout the photodegradation
experiment. Multichannel (SKR 1850) and single channel sensors
(SKR 420, 430) for ultraviolet A (UVA, 315–380 nm) and ultraviolet
B (UVB, 280–315 nm) and visible wavelengths (441 nm, 589 nm,
681 nm, bandwidths 10 nm, 10 nm, 12 nm, respectively) were used
(Skye Instruments Ltd., UK). The sensors are cosine corrected with
cosine error of 3% for 80�, linearity error <0.2%, absolute calibration
error of about 3%, depending on bandwidth channel. The sensor
calibration was performed in September 2006, by using a Stellar-
Net deuterium lamp (Model #SL3). Dark signal varies from channel
to channel and was subtracted. Total incident exposure (KJ m�2)
was calculated by considering the average solar irradiance in each
of the UVB and UVA wavebands [14,15], the total time of exposure
and spectral transmission of the Tedlar bags for each waveband
weighted for solar spectral irradiance from 280 to 400 nm. Samples
within the bags were well mixed due to limited wave action.

At each sampling site in the lake, vertical profiles of solar irra-
diance (PAR waveband, 305 nm, 340 nm) were measured using a
PUV 514 radiometer (Biospherical Instruments, San Diego, CA).
Measurements were performed from just below the water surface
to near the lake bottom. The profiling radiometer was manually
lowered from the sun illuminated side of the boat, obtaining dif-
fuse irradiance measurements every 0.3 s, together with depth.



Fig. 1. (a–d): Spatial distribution in Laguna Iberá in November 2006 of; (a) absorption (m�1) at 270 nm, (b) spectral slope (nm�1) from 270–400 nm, (c) chlorophyll-a
concentrations (mg m�3), (d) a270/DOC ratio (m�1 ppm�1). (e–f): spatial distribution in Laguna Galarza in November 2006 of (e) absorption (m�1) at 270 nm, (f) spectral slope
(nm�1) from 270–400 nm. Sampling sites indicated with open circles. Sites where samples for photodegradation experiments were obtained are indicated with solid circles.
Area where in situ photodegradation experiment was performed indicated by grey triangle. Map coordinates are in Universal Transverse Mercator. (g): Calibration curve of
fluorescence measurements and measured chlorophyll concentrations (mg m�3) obtained using standard spectrophotometric methods [36].
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Fig 1. (continued)
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On average, 400 measurements (irradiances and water depth) were
obtained for each profile. The resulting radiation profile was cor-
rected by removing the dark current signal (<0.00001 W m�2

nm�1) and plotted against the water depth. The diffuse attenuation
coefficient (KPAR, K305, K340) was calculated by fitting the best expo-
nential curve to the profile data (Ez ¼ Eoeð�Kkðz�z0ÞÞ), where irradi-
ance (Ez) over depth (z) follows an exponential decay from the
irradiance (Eo) measured just below that lake surface (zo).

Dissolved organic carbon (DOC) was measured for a subset of
samples (n = 28) to cover all optical conditions present. The filtered
samples were stored in amber glass bottles at 4 �C in the dark until
the analysis, performed within one week after collection. Measure-
ments were carried out with a Shimadzu 5000 TOC Analyzer
equipped with a quartz combustion column filled with 1.2% Pt
on silica pillows (�2 mm diameter). Samples (10 ml) were acidi-
fied with 50 lL of 50% H3PO4 and sparged for 10 min with CO2-free
pure air to remove inorganic carbon, before the high temperature
catalytic oxidation. The sample was injected in the furnace after
a fourfold rinsing using sample water. Measurements were per-
formed in triplicate with a fixed instrumental CV of 2%. A four-
point calibration curve was performed by injection of potassium
hydrogen phthalate solutions at different concentrations. The sys-
tem blank was checked on a low-carbon water sample (LCW, 5–
6 lM). DOC concentrations were calculated [23] and the reliability
of measurements was checked daily by using consensus reference
materials (CRM) kindly supplied by Prof. D.A. Hansell, University of
Miami, USA, consisting of a deep oceanic seawater sample and a
LCW (2 CRM and 8 LCW were used per analytical day).

Chlorophyll-a concentrations were estimated using a portable
fluorometer (excitation wavelength = 485 nm, emission wave-
length = 680 nm) which was calibrated daily using a standard solu-
tion (SCUFA Submersible Fluorometer, Turner Designs).
Fluorometer calibration was made using measurements of chloro-
phyll-a concentrations [sensu Talling and Driver, 27] from different
lakes (Fig. 1g) including Laguna Iberá and Laguna Galarza (n = 19).
Despite of the different sources of variability in the chlorophyll-a
fluorescence (e.g., quenching, temperature), the measured concen-
trations and fluorescence signals showed a good linear correlation.

3. Results

CDOM absorption coefficients showed a strong spatial variabil-
ity, in Laguna Iberá (Fig. 1a) with the highest absorption of the dis-
solved fraction occurring in the south basin of the lake. The
determination of spectral slope (S270–400) showed lowest values
in the south and northeastern parts of the lake (Fig. 1b). Phyto-
plankton biomass, estimated using calibrated fluorometer mea-
surements, showed the highest concentrations in the northern
basin, and in particular in the north-central area (Fig. 1c). Laguna
Galarza showed a more uniform distribution of phytoplankton
chlorophyll (12 ± 2 mg m�3), spectral slope (0.0143 ± 0.0003
nm�1), DOC (12 ± 4 ppm) and absorption (a270 = 165 ± 22 m�1)
(Fig. 1e). Shorter residence times and increased resuspension [28]
in the smaller and shallower Laguna Galarza may be the principle
causes of the higher DOC concentrations and CDOM absorption
with respect to Laguna Iberá. Spectral slopes in Laguna Galarza
showed little spatial variation (Fig. 1f).

Considering the data from both lakes, CDOM-related absorption
showed a negative, but weak correlation with phytoplankton chlo-
rophyll (r = �0.45, p < 0.01) and turbidity measurements. DOC
measurements (10 ± 3 ppm, n = 28) showed a generally similar
spatial pattern as CDOM absorption and were found to be posi-
tively correlated with a270 (r = 0.73, p < 0.001).

Changes in absorption characteristics observed during the pho-
todegradation experiments were compared to the cumulative inci-
dent irradiance of solar UVB and UVA. The choice to use total UV
rather than UVB alone or total insolation was linked to the high
reactivity of the chromophores to UV radiation. CDOM of terrestrial
origin tends to have a higher reactivity in the UVB wavelengths.
However, as photoreactivity of CDOM depends on the reactivity
of chromophores and their history of exposure, the larger irradi-
ance of UVA can also play a major role in photobleaching [13].
Cumulative incident exposure [9,14,15] was used to extend photo-
bleaching yields to modelling in-lake processes. It should be noted
that total absorbed energy is a more appropriate for the determin-
ing of photoreactivity, being more independent of CDOM concen-
tration [12,33]. Cumulative incident irradiance exposure (d,
KJ m�2) was determined considering both solar elevation depen-
dent reflectivity (qt) as well as the transmissivity of Tedlar (sTedlar)
averaged for each waveband (2),

d ¼
Z tmax

0
ð1� qtÞ IUVA0sUVATedlar þ IUVB0sUVBTedlar

� �
dt ð2Þ

where I0 is the incident solar radiation measured above the sam-
pling bags throughout the measurement period (0 � tmax). The 40
filtered lake water samples (10 photodegradation experiments each
day � four days) received an average total incident irradiance of
31 KJ m�2 (UVB) and 481 KJ m�2 (UVA). The time series of spectral
absorption measurements of the sample waters showed a reduction
in spectral absorption in the UV and short visible wavelengths
(<500 nm). The absolute loss of absorption (Dak) with cumulative
incident irradiance (d, KJ m�2) depended on the wavelength of
interest (Da240/d > Da270/d > Da365/d > Da440/d). The degree of loss
of absorption varied significantly between sites (Fig. 2a). The rela-
tive loss of absorption (normalised by initial absorption and cumu-
lative incident irradiance) showed the highest relative losses at
440 nm and 365 nm (averaging respectively 0.0003 ± 0.0002 and
0.0002 ± 0.0001 (KJ m�2)�1), while the relative losses for 240 and
270 were similar (0.0001 ± 0.0001 (KJ m�2)�1) [21]. Samples not ex-
posed to solar radiation did not show significant changes in absorp-
tion over the 12 h period (p > 0.05, n = 7). Spectral slopes showed a
significant increase with increasing incident irradiance in all sam-
ples (Fig. 2b).

4. Discussion

4.1. Optical measurements

Absorption values measured in both lakes were similar to those
reported for humic lakes throughout the world [12,29]. As optical
measurements in Laguna Galarza showed limited variability, we
focus the following discussion on Laguna Iberá, where clear spatial



Fig. 2. (a) Reduction in absorption at 270 nm and (b) increase in spectral slope (270–400 nm) due to photodegradation relative to UV incident irradiance (280–315 nm)
measured in situ for filtered water samples from Laguna Iberá and Laguna Galarza in November 2006.
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trends were observed (Fig. 1a and b). CDOM absorption (a240, a270,
a365, a440) was highest in the south and north ends of Laguna Iberá,
both areas receiving river waters from extensive wetland areas.
Absorption decayed with distance from river inlets to the central
area where absorption was minimum.

Phytoplankton biomass presents a potential autochthonous
CDOM source, in particular in the center area of Laguna Iberá. Such
a source would be expected to produce areas of increased absorp-
tion, most likely at 240 nm or 270 nm [30]. The coincident reduc-
tion in absorption in both the visible and all UV wavelengths
suggests that CDOM distribution throughout the lake is influenced
largely by the degradation of allochthonous sources while autoch-
thonous sources may also contribute in a limited manner to the ob-
served CDOM conditions.

Spectral slope measurements confirmed the presence of high
molecular weight dissolved organic matter [23,24] entering into
the south and north-east parts of the Laguna Iberá. These waters
enter into the lake after passing through extensive areas of emer-
gent and floating vegetation, whose thick mats and dense vegeta-
tion favour the accumulation of organic detritus [28]. Highly
productive, these areas are dominated by Eicchornia crassipes and
Scirpus cubensis and extend for tens to hundreds of kilometres be-
tween open lake areas [31]. After entering the south and north ba-
sin, spectral slope values increased towards the central basin,
indicating an overall reduction in the average molecular weight
of the dissolved fraction (Fig. 1b).

Both CDOM absorption and DOC measurements decreased with
distance from the river inlets (south and north), with DOC concen-
trations decreasing comparatively less and in a more variable man-
ner. By normalising absorption (a270) by DOC concentrations, it
was possible to verify the relative loss of chromophores over dis-
tance. The large decrease in the a270/DOC ratio (11.5–
3.8 m�1 ppm�1) showed an apparent difference between loss rates
of CDOM and DOC (Fig. 1d).

4.2. Photo-induced changes in spectral absorption

A reduction in CDOM absorption may occur through several
potential degradation processes as well as through mixing be-
tween lake waters with different CDOM characteristics. The
in situ incubations were focused on examining changes in spec-
tral absorption due to photodegradation. Microbial activity with-
in the Tedlar bags was minimised by filtering each sample at
0.22 lm. The lack of microbial related activity was confirmed
in the dark controls where no significant changes in absorption
occurred.

The photobleaching yield was determined by comparing the
change in spectral absorption with increasing cumulative incident
irradiance. The loss of absorption with respect to incident irradi-
ance followed an exponential-like function [32]. In the lake sam-
ples examined, the photobleaching yield was found to be highest
where the initial absorption coefficient was largest, in particular
near incoming river sources of the allochthonous CDOM. The sam-
ples obtained in areas where phytoplankton concentrations were
elevated (potential autochthonous CDOM source), and where
photodegraded allochthonous CDOM is present, showed a lower
photobleaching yield with respect to those areas nearer allochtho-
nous sources (Fig. 3a). It should be noted that those samples with
higher initial absorption will absorb more solar energy, likely lead-
ing to a higher photobleaching yield. A better approach to examin-



Fig. 3. Spatial distribution of the estimated (a) photobleaching yield (change in absorption at 270 with UV irradiance, m�1 (KJ m�2)�1) and (b) change in spectral slope in the
spectral band from 270–400 nm with UV irradiance, nm�1 (KJ m�2)�1 for Laguna Iberá in November 2006. Sites 10, 15, 22, 28 are shown on the map.
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ing the spatial variations in CDOM in relation to incident irradiance
is the change in spectral slope.

The change in spectral slope with increasing UV incident irradi-
ance (DS270–400/d) was therefore determined (Fig. 2b). Increasing
exposure to solar radiation led to an increase in spectral slope in
all samples. Previous studies have shown that changes in CDOM
absorption spectral slope are indicative of changes in CDOM
molecular weight or source (or both) [25,26,34]. The average
change in spectral slope was estimated by linearly fitting the spec-
tral slope data over increasing irradiance, and determining the gra-
dient. The degree of change varied according to geographical
location (Fig. 3b). The change in the spectral slope was found to
be most pronounced where initial absorption was highest and ini-
tial spectral slope was lowest. Those samples which displayed the
largest DS270–400/d were also found to display the highest photo-
bleaching yield (Fig. 4).

4.3. Spectral slope/absorption ratio

To explore the behaviour of CDOM over time and space, we
compared absorption (a270) and spectral slope (S270–400) of each
Fig. 4. Relationship between change in absorption at 270 with UV irradiance, m�1

(KJ m�2)�1) and the change in S (270–400 nm) with UV irradiance, nm�1 (KJ m�2)�1

for samples measured in Laguna Iberá in November 2006. Linear fitting has a
correlation coefficient of 0.57 (n = 25).
lake sample. For a single CDOM source undergoing photodegrada-
tion, the change from high absorption/low slope to low absorption/
high slope will appear as a decrease in a a270/S270–400 plot (Fig. 5).
Where two or more spatially distinct CDOM sources (or sinks) are
present, the photodegradation of each CDOM type may be sepa-
rated, giving a series of overlapping curves with distinct angular
coefficients [13]. Within the lake, losses of specific absorption coef-
ficients (e.g. a270) and changes in spectral slope will occur due to
degradation processes (photo and microbial) as well as conserva-
tive (horizontal) mixing between waters with different absorption
properties. In Laguna Iberá, as CDOM moves from the outlet of Rio
Miriñay to the south and central basin, the relationship between
S270–400 and a270 changes with distance, decreasing towards a low-
er absorption and higher spectral slope. The change in position on a
a270/S270–400 plot shows an exponential decrease with distance
from the source (Rio Miriñay) in the south part of the lake (Fig. 6).

While the combined effect of degradation and conservative
mixing can be described using the a270/S270–400 relationship, it is
more difficult to separate the effects of each process. However,
using the results of the in situ measurements, we can at least com-
pare the observed change in a270 and S270–400 in the lake with that
Fig. 5. Measurement of spectral slope (S270–400, nm�1) and absorption (a270, m�1)
for samples obtained in Laguna Iberá in November 2006.



Fig. 6. Relative ‘‘distance” in the a270/S270–400 graph in relation to source waters (Rio
Miriñay) of samples in the south and central basins of Laguna Iberá (open circles,
left ordinate) with respect to the physical distance (m) from outlet of Rio Miriñay at
the lake border. Measurements of dissolved organic carbon (ppm) also plotted
(closed squares, right ordinate).
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expected from photodegradation alone and that which would re-
sult through conservative horizontal mixing of waters from differ-
ent areas of the lake.

As demonstrated in Stedmon and Markager [13], conservative
mixing between waters with optically different CDOM concentra-
tions will result in changes in a270 and S270–400 that can be similar
to those seen in photodegradation processes. Conservative mixing
of ‘‘fresh” and ‘‘old” CDOM leads to nonlinear changes in the a270/
S270–400 plot, depending on the degree of mixing ([13] scenarios 1
and 4).

Microbial activities may also influence spectral absorption.
While the effects of photodegradation on spectral slope have been
demonstrated in this and other studies [25,33], biological degrada-
tion presents a more difficult analysis. While some loss of absorp-
tion due to biological degradation is expected, studies suggest that
only limited changes on spectral slope are likely to occur [9]. How-
ever, bacterial degradation of terrestrial DOM which has under-
gone prior photodegradation has been shown to decrease
spectral slope, thus dampening the overall changes in slope due
to photobleaching [9].

If changes in the optical properties of CDOM are dominated by
photochemical processes, it would be possible to use observed
changes in spectral slope with increasing irradiance exposure to
model the expected changes in CDOM over time and space. Such
conditions occur when the source flowrate dominates water move-
ment (river or narrow bay) and limited horizontal mixing occurs
(plug flow). In this situation, changes in spectral slope over dis-
tance will depend on ‘‘photodegradation yield”, DS270–400/d and
overall exposure to solar radiation (photodegradation is more cor-
rectly associated with a measured loss of CDOM molecular weight
or molecular structure). Measurements of spectral absorption,
which are more sensitive to microbial degradation, would be less
appropriate.

We examined the spatial distribution in spectral slope within
the lake using the DS270–400/d determined in situ
(3.4 � 10�6 ± 1.8 � 10�6 nm�1 (KJUVB + UVA m�2)�1), estimated resi-
dence times based on measured river flowrates and spatially vari-
able exposure to solar UV radiation. Maximum and minimum
flowrates of Rio Miriñay were measured over several days and
were within published values [18] of 15,000–29,000 m3 h�1. A sim-
ple plug flow model was constructed that used source water (river)
flowrates and lake morphology to calculate residence times [35].
To determine the cumulative irradiance of solar UV radiation for
water masses at different points in the lake, we used the vertical
attenuation measured at 305 nm and 340 nm at each site and the
total daily irradiance at the waters surface (Io, KJ m�2), corrected
for surface reflection. Integrating the exponential decay of solar
irradiance (IUVB, IUVA) over lake depth (zmix = 3.56 ± 0.8 m), it is pos-
sible to determine the depth integrated daily irradiance exposure
to UVB and UVA radiation of each water parcel (3)Z zmix

0
IUVBdz ¼ I0

ðKUVBÞ
� ð1� e�ðKUVBÞzmix Þ ð3Þ

To determine the daily average irradiance exposure throughout the
mixing depth, we make several assumptions: a perfectly vertically
homogeneous water column, the use of K305 and K340 as a valid esti-
mate of the vertical diffuse attenuation of the UVB and UVA wave-
bands, no variability in insolation and optical conditions.

By using the measured DS270–400/d, (b, nm�1 (KJ m�2) �1), and
the calculated daily irradiance (IUVB, IUVA, KJ m�2 day�1), it is possi-
ble to determine the expected change in spectral slope (DS) over
time. Relating the DS with residence time (Ti, day), it is possible
to estimate the change of spectral slope over distance, using S as
a non-conservative tracer of water masses

DSi ¼ Si�1 þ Ti � ½IUVB þ IUVA� � bUVB;UVA ð4Þ

The results of the model for low and high water flowrates of Rio
Miriñay show the expected change of spectral slope over distance
(Fig. 7), considering spatial changes both in vertical attenuation
and CDOM optical properties. Such a relation has several faults,
not the least being that photodegradation is more correctly related
to distribution of wavelengths rather than large wavebands. Sec-
ondly, the application of a depth integrated daily irradiance to esti-
mate past exposure to solar irradiance assumes that optical
conditions in the water column and atmosphere have remained
constant. Thirdly, it is unlikely that a plug flow model could appro-
priately represent water movement in an open lake, where wind
forcing and diffusion would play important roles and river dis-
charge will vary over time. Nevertheless, despite the very rough ap-
proach of this model, a comparison of changes in spectral slope
(modelled and measured) shows reasonable agreement for the
south part of the lake and a small part of the center basin. The ex-
pected change in spectral slope from pure conservative mixing is
also presented. This was determined by using two end members,
the ak of the source waters (Rio Miriñay) (a270 = 120 m�1, S270–

400 = 0.012 nm�1) and the average ak of the central part of the lake
(a270 = 40 m�1, S270–400 = 0.020 nm�1), together with the relative
distance between pools as a proxy for proportions, following the ap-
proach of Stedmon and Markager [13]. While it is unlikely that
either plug flow or conservative mixing can be used alone to de-
scribe spatial variations in CDOM, photodegradation under plug
flow conditions shows a reasonable agreement with lake measure-
ments. Such changes in the absorption properties have important
implications on radiative transfer and secondary production. This
can be clearly seen in the spatial variability of the relative absorp-
tion capacity of the dissolved organic compounds (DOC), where a
clear reduction occurs over distance (Fig. 8), indicating a change
in the relative concentration of chromophores (a270) with distance
from the CDOM source (Rio Miriñay). Once again, this change in
absorption capacity may be the result of either sinks (eg. photoble-
aching) or new DOC sources with a low concentration of chromoph-
ores. This is further confirmed when the relative change in spectral
slope over distance is examined (S270–400/DOC, Fig. 8) indicating a
change in average CDOM molecular weight over distance [13,22].

Coloured dissolved organic matter from floating and rooted
wetlands strongly modifies the optical conditions and photochem-
istry in tropical and subtropical inland bodies. The dynamical nat-



Fig. 8. Changes in the relative absorption and spectral slope normalised by
concentration (ppm) of dissolved organic carbon in relation to distance (meters)
from source waters (Rio Miriñay) in Laguna Iberá.

Fig. 7. Measured and modelled change of CDOM spectral slope (S270–400, nm�1) over distance in Laguna Iberá. Measurements (solid circles) made in November 2006.
Photodegradation model estimates (open squares and triangles) for maximum and minimum flowrates of source waters (Rio Miriñay) considering DS270–400/d determined
in situ according to model described in text. Conservative mixing model used measured spectral slopes of source waters and those measured in the central basin.
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ure of these compounds depends upon the spectral quality of solar
irradiance within the water column as well as the number and nat-
ure of the chromophores present. Combining field measurements
and in situ experiments of photodegradation, we show that valu-
able information regarding the rate of phototransformation of
CDOM can be gained and compared to other processes that influ-
ence spectral absorption. Furthermore we show how these pro-
cesses influence the spatial heterogeneity of optical properties.
While more information regarding the long term changes in S270–

400 and a270 would improve our understanding of the fate of allo-
chthonous CDOM, this work shows that short term experiments
provide new and valuable information on the changing optical
properties of these compounds.
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