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2. Abbreviations and definitions

CDOM Dissolved organic matter absorbing solar radiation at 290-700 nm.

Biodegradation Degradation mediated by organisms.

Degradation Reduction in the complexity of detritus.

Detritus Dead organic carbon, distinguishable from living organic and from
inorganic carbon, lost by non-predatory means from any trophic level
(egestion, excretion, secretion, etc.) or from sources external to the
ecosystem that enter and cycle in the system (allochthonous organic
carbon; Wetzel 1984).

Detrivore An organism utilizing detritus.

DIC Dissolved inorganic carbon (CO2, HCO3
-, CO3

2-).

DOC Dissolved organic carbon.

DOM Dissolved organic matter.

Extracellular Enzymes located outside the cell membrane.
enzyme

High molecular Detritus that must be cleaved outside the cell wall to low molecular
weight detritus  weight compounds prior penetration through the cell wall and

membrane. For polar compounds the high molecular weight means a
molecular mass of ca. >500 g mol-1.

Humic substances A general category of naturally occurring, biogenous organic
substances that can generally be characterized as being yellow to black
in colour, of high molecular weight, and refractory (Aiken et al. 1985).

Kd Vertical attenuation coefficient of the downward irradiance.

Low molecular Molar mass <500 g mol-1.
weight detritus

Mineralization Degradation leading to inorganic constituents of detritus.

Transformation Modification of detritus (includes both increase and decrease in
complexity).

UV-B 280-315 nm.

UV-A 315-400 nm.

Visible radiation 400-700 nm.
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3. Abstract

In the biosphere, detritus is the largest pool
of organic matter (2.5 × 1018 g C).
Decomposition of detrital carbon covers 50
to 100% of the carbon flux in aquatic food
webs. In aquatic ecosystems mainly
photochemical and biological reactions
decompose detritus. The decomposition of
detritus has two major implications in
carbon cycling. (1) It supports the detrital
food web and (2) mineralizes organic
carbon.

In this study I quantified photochemical
degradation of detritus in aquatic
ecosystems and evaluated the interactions
between photochemical and microbial
processes enhancing the decomposition of
detrital carbon. The decomposition of
dissolved organic carbon (DOC) was
studied in two humic lakes: Lake Valkea-
Kotinen in Finland and Lake Skervatjern in
Norway. Decomposition of detrital leaves
of eelgrass (Zostera marina, L) was
studied with material collected from
Roskilde Fjord, Denmark. Decomposition
of detritus was measured after exposing
natural or synthetic detritus to solar
radiation and/or to the indigenous
microorganisms.

I found that in Lake Valkea-Kotinen,
planktonic microorganisms were the most
important mineralizers of DOC. In June to
August, microbes mineralized 45 mg C m-3

d-1
 and covered 88% of the total

mineralization of DOC in the 2-m deep
epilimnion of Lake Valkea-Kotinen. At the
depth of 1 cm, solar radiation mineralized
DOC with a rate of 230 mg C m-3

 d-1,
which was four times higher than that of
microbial mineralization of DOC.
Photochemical mineralization attenuated
steeply with an increasing depth of the
water column in Lake Valkea-Kotinen as
well as in Lake Skervatjern. In Lake
Valkea-Kotinen, the vertical attenuation of
photochemical mineralization was similar

to that of UV-A radiation (315-400 nm).
Ninety % of the total photochemical
mineralization took place in the top 10 cm
of the water column. The sensitivity of
DOC to photochemical mineralization was
higher in water flowing to Lake
Skervatjern than in epilimnetic water.

I used 
14C-[ring]-labelled synthetic lignin

(14C-DHP) as a model compound for
biologically recalcitrant DOC. The 

14C-
DHP was blended in the Lake Valkea-
Kotinen water, submerged to the depth of
1 cm and exposed to solar radiation for 7
d. As the result, solar radiation mineralized
19% of 14C-labelled aromatic rings to
inorganic carbon and increased the water
solubility of remaining part of the 

14C-label.
In darkness the mineralization of 14C-DHP
by indigenous microbes was negligible.

The quantum yield for a photochemical
mineralization of DOC describes the
proportion of absorbed photons resulting in
mineralization of DOC. Quantum yield is a
key parameter for predicting photo-
chemical rates. I developed a novel method
for determining the quantum yield
spectrum for the photochemical minerali-

zation of DOC (φλ) in Lake Valkea-

Kotinen in situ. The method describes φλ
as c × 10-dλ, where c (dimensionless) and d
(nm-1) are positive constants. The

determination gave a value of φλ of 7.52 ×
10-0.0122λ based on (1) the absorption
spectrum of chromophoric dissolved
organic matter, (2) the photochemical
mineralization measured in situ at depth z
and (3) the solar spectrum of photon flux
density at the same depth. The in situ
determined quantum yields agreed with
those determined in the laboratory at single

wavelengths. Applying a φλ of 7.52 × 10-

0.0122λ in the model resulted in a
satisfactory prediction of photochemical
mineralization rates at the depths of 1-10
cm as well as in the whole water column of
Lake Valkea-Kotinen. The modelling
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revealed that the UV-A component of
solar radiation was responsible for most of
the mineralization of DOC in Lake Valkea-
Kotinen.

The interactions between photochemical
and microbial reactions in the decom-
position of DOC were studied with the
water of Lake Valkea-Kotinen. First the
<0.2 µm filtered water was exposed to
solar radiation for 1 d or kept in darkness.
Then the exposed and non-exposed water
were spiked with indigenous bacteria and
were cultured for 4 d. The microbial
mineralization of DOC was 2 to 5 fold
higher in the water exposed to solar
radiation than in the non-exposed water.
More dissolved phosphorus and nitrogen
were converted into particulate form in the
water exposed to solar radiation than in the
non-exposed water. The nutrient dynamics
indicated an increased production of
microbial biomass in the solar radiation
exposed water. This result was supported
by microscopic data. The biovolume of
bacteria grown in the solar radiation
exposed water was 1.7 times higher than of
those grown in the non-exposed water kept
in darkness.

To study photochemical decomposition of
detrital eelgrass, I heat sterilized detrital
leaves and exposed those to solar radiation.
The leaves lost pigments and chromophoric
matter during 30-d exposure to solar
radiation. Solar radiation enhanced the loss
of organic matter from the leaves and
induced their fragmentation. After an
exposure of the detrital leaves to solar
radiation, the incorporation of 14C-leucine
by a microbial biofilm introduced on the
leaves was 2-4 times higher than that
without solar radiation.

This study showed that solar radiation
decomposed DOC and detrital leaves of
eelgrass both directly by photochemical
mineralization and indirectly by converting

recalcitrant organic matter more available
to microorganisms. The results suggest that
solar radiation should be taken into account
in the decomposition of detritus.
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4. Introduction

4.1. Detritus

The biogeochemistry of carbon can be
conceptually simplified as the cycling of
carbon between inorganic and organic
pools. The largest pool of organic matter in
the biosphere is detritus (2.5 × 1018 g C,
Hedges 1992). A typical definition of
detritus includes all the particulate organic
matter which once belonged to living
organisms (Odum 1971). This matter
includes visually macroscopic objects like
fallen tree trunks, detached leaves or
animal corpses as well as microscopic
detrital particles. In this work detritus
includes also dissolved organic matter in
the sense of Wetzel (1984): Detritus is all
dead organic carbon, distinguishable from
living organic and from inorganic carbon,
lost by non-predatory means from any
trophic level (egestion, excretion,
secretion, etc.) or from sources external to
the ecosystem that enter and cycle in the
system (allochthonous organic carbon).

All biomolecules are potential sources of
detritus. The most abundant biomolecules
in living organisms are cellulose and lignin
(Hedges 1992) found in large amounts also
among particulate detritus in littoral
ecosystems. In the water column most of
the detrital carbon is in the dissolved form.
Dissolved to particulate organic carbon
ratio is typically 10:1 in lakes and oceans
(Wetzel 1984). Only part (generally <50%)
of dissolved detritus consists of clearly
defined biomolecules found in living
organisms (carbohydrates, peptides, lipids,
nucleic acids, lignin, and their monomers;
Münster 1993). Typically, half of lake
water DOC is composed of humic
substances, mainly the soluble fraction i.e.,
fulvic acids (McKnight & Aiken 1998,
Peuravuori & Pihlaja 1999). Humic
substances are defined as a general
category of naturally occurring, biogenous
organic substances that can generally be

characterized as being yellow to black in
colour, of high molecular weight, and
refractory (Aiken et al. 1985). The
description does not define the chemical
structure of humic substances, except that
humic substances contain chromophoric
moieties. Most chemical knowledge of
humic substances has been derived from
material isolated with non-ionic
macroporous resins at low pH. These
resins bind large (>500 g mol-1) molecules
with acidic functional groups. The
compounds isolated in this way from fresh
waters have molecular weights from 500 to
1200 g mol-1, contain acidic functional
groups (mainly carboxylic acids), consist
mainly of carbon (54%), oxygen (40%) and
hydrogen (4%), and are heterogeneous
(Saski et al. 1996, McKnight & Aiken
1998, Peuravuori & Pihlaja 1999). The
humic substances may be formed via
degradative pathways from the remaining
organic material not readily biodegraded by
detrivores (Peuravuori & Pihlaja 1999). In
addition, condensation of simple
monomeric compounds may produce
humic substances (Larson & Hufnal 1980,
Backlund 1992, Kieber et al. 1997).

4.2. The role of detritus in food webs

Food webs can be conceptually divided
into grazer and detritus food webs on the
basis of the energy and carbon source
(Wetzel et al. 1972). Living primary
producers form the basis of a grazer food
web. Organisms using detritus-based food
belong to the detritus food web.
Heterotrophic micro-organisms, bacteria
and fungi, are the most important detritus
consuming organisms detrivores (Peduzzi
& Herndel 1991, Newell 1996). The
conceptual division of detritus in the food
webs is useful in evaluating the role of
detritus in carbon cycling. Due to omnivory
of organisms, the division of grazer and
detritus food webs and the determination of
the trophic levels of organisms is often
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difficult (Polis & Strong 1996, Hessen
1998).

Detrital carbon initially produced within the
ecosystem is autochthonous and includes
the dead components of food web at a site
and leakages from internal carbon transfer
processes (e.g., exudation, Chen &
Wangersky 1996; egestion, Viitasalo et al.
1999; sloppy feeding, Strom et al. 1997;
viral lysis, Middelboe et al. 1996). The
detritus food web in the water column is
often called the microbial loop when it is
based on autochthonous detritus (Mann
1988). Detritus produced in one ecosystem
and imported to another one is
allochthonous. When detrivores consume
allochthonous material they form a link
between an aquatic environment and an
allochthonous source. To emphasize this
and the important role of microbes in this
process a definition of the microbial link
was described by Salonen et al. (1992).

The surface waters of oceans are the most
autochthonous aquatic environments. Even
in those environments >50% of carbon
fixed by primary producers may flux via
detritus food web (a microbial loop; Mann
1988, Fasham et al. 1999). The proportion
of allochthonous and also the overall
importance of detritus increases along the
gradient, open ocean - coastal waters -
lakes - rivers. Due to allochthonous
detritus most aquatic systems are
heterotrophic (Salonen et al. 1983, 1992,
Del Giorgio et al. 1997).

4.3. Biodegradation of detritus

Detrital carbon covers 50 to 100% of the
carbon flux in aquatic food webs (Mann
1988). The logistics of the production and
decomposition of detritus is important for
understanding the functioning of aquatic
ecosystems. The decomposition of detritus
has two major implications in carbon
cycling. (1) It supports the detrital food

web and (2) mineralizes organic carbon to
available form for primary producers.

Detrivores are important degraders and
mineralizers of detritus. Detrivores use a
part of the detrital carbon for biosynthesis
and utilize the chemical energy in the
detritus for their energetic needs.
Detrivores utilize the energy released from
cleavage of covalent bonds only inside the
cells. Thus detrital molecules must
penetrate the cell membrane actively (polar
mainly small molecules, 300-700 g mol-1;
Page et al. 1989, Liu et al. 1993) or
passively (hydrophobic molecules, Neilson
1994).

Biological mineralization of detritus
requires that following conditions are met
(Schwarzenbach et al. 1993, Alexander
1999):
A) Environmental conditions must be
suitable to support organisms.
B) The detritus must be bioavailable.
C) Large (>500 g mol-1) polar molecules
must be cleaved prior uptake. The
compounds or their cleavage products
must be successfully transported through
cell membrane.
D) The enzymes inside the cell must be
able to process the detrital molecules.

Detrivores grow and survive almost in all
conditions found in aquatic environments.
Micro-organisms can live at temperatures
from -30°C to 113°C, at pH between 2 and
11, and in saturated solution of salt in
water (Brock et al. 1994). Thus, the
environmental conditions are seldom harsh
enough to block the activity of detrivores
in natural waters.

Detritus is bioavailable when physical
contact between the detritus processing
enzymes and detritus is possible (Alexander
1999). For example, although fossil oil is
easily biodegradable by aerobic microbes, it
is often not bioavailable, because the major
oil deposits are located outside the
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biosphere. Even if detritus exists in the
same environment together with microbes,
such as sediments, the bioavailability of
detritus may be limited. For example, if
(hydrophobic) detrital molecules are tightly
sorbed onto (in)organic matrix, their
(solubility and) bioavailability is low, and
high threshold concentrations (104

 g C m-3)
of detrital molecules are needed to support
bacterial growth (Bosma et al. 1997).
Structural barriers within particulate
detritus, including thick epidermis, cuticule,
bark, cell walls, woody structures, may
protect the labile parts of detritus and thus
limit their bioavailability (Enríques et al.
1993). For example, detrital leaves of
eelgrass over 1 year old still contained
intact chloroplasts, possibly because they
were sheltered by the structural
components of leaves (Pellikaan 1982).
Some microbes can overcome the
structural barriers of particulate detritus by
themselves (e.g., Porter et al. 1989,
Barnabas 1992). Typically, macroscopic
detrivores (shredders, grinders) play a key
role in breaking the structural barriers
(Fenchel 1970, Robertson & Mann 1980,
Harrison 1982).

Detrivores must cleave high molecular
weight detritus with extracellular enzymes.
Because detritus is often of high molecular
weight (>500 g mol-1), the cleavage of high
molecular weight detritus is one of the
most important factors controlling the use
of detritus. Hydrolytic extracellular
enzymes cleave predictable biopolymers
like proteins, nucleic acids, poly-
saccharides and lipids (Münster & De Haan
1998). A precise contact between the
substrate and the catalytic site of an
enzyme promotes thermodynamically
favorable hydrolysis. Hydrolytic enzymes
do not need external energy for the
catalysis and can be active independent of
their host cells (Münster & De Haan 1998).
Some of non-specific oxidizing
extracellular enzymes can cleave
heterogeneous polymers like lignin and

humic substances. These enzymes activate
oxygen or manganese(II) cation, which
attacks detritus molecules with double
bonds and aromatic structures (i.e.,
electron rich regions). These enzymes need
reducing cosubstrates (e.g., reduced
nicotinamide adenine dinucleotide) and are
active only in the vicinity of their host cells.
Ligninolytic fungi and some bacteria
produce non-specific oxidizing enzymes
(Kirk & Farrell 1987). These enzymes are
important in the decomposition of
particulate detritus in the littoral
(Raghukumar et al. 1999), but their role in
the water column is low (Münster et al.
1998). Manganese(II) oxidizing bacteria
may utilize manganese oxides for the
oxidation of humic substances (Sunda &
Kieber 1994). These bacteria oxidize
Mn(II) to Mn(IV). The reaction of humic
substances with Mn(IV) may yield Mn(II)
and oxidized low molecular weight
products such as pyruvate, acetone,
acetaldehyde and formaldehyde.

If a detritus molecule succeeds in bypassing
the cell wall (and outer membrane), it must
penetrate the cell membrane to become
metabolized. Specific enzymes that carry
out cell metabolism process detritus
molecules inside the cell. It is possible that
an organism lacks catabolic enzymes for
detritus processing and that structurally
complex detrital molecules may therefore
resist the activity of enzymes (Neilson
1994). For example, biodegradability of
polycyclic aromatic hydrocarbons by
catabolic enzymes decreases with
increasing number of fused aromatic rings.
Similarly increased number of chlorine
substituents typically decreases bio-
degradability. The unfavourable structure
of detritus may, thus, retard the activity of
the degradative enzymes.

The rate of biodegradation is regulated by
various biotic and abiotic factors. For
example, low temperatures may decrease
the rate of biodegradation (Wiebe et al.



Introduction

8

1992, Tulonen 1993). Microbes may
suffer from lack of energy and nutrients in
aquatic environments that are often
considered oligotrophic (Morita 1997).
Energy gain from the hydrolysis of
polymers and subsequent uptake of the
cleavage products should supply energy for
the biosynthesis of extracellular enzymes
(Vetter et al. 1998). If the concentration of
detritus is too low to support the
biosynthesis of extracellular enzymes, the
biodegradation of high molecular weight
detritus may cease. The nutrient
stoichiometry is typically different in the
detritus from that in the organisms (Hessen
et al. 1994). The lack of nitrogen and/or
phosphorus often limits biodegradation
(Enríques et al. 1993, Elser et al. 1995,
Jansson et al. 1996, Skoog et al. 1999,
Vrede et al. 1999). Toxic compounds, such
as phenolic acids, in detritus may further
hamper biodegradation (Harrison 1982,
Murray & Hodson 1986). Lack of essential
(co)substrates may limit biodegradation
even in presence of abundant nutrient and
energy sources (as in the sediment of an
eutrophic lake). For example, lack of
oxygen or other electron acceptors in the
absence of oxygen (like nitrate, nitrite,
sulphate, oxidized iron(III) or
manganese(IV)) needed for respiratory
metabolisms typically reduce the rate of
biodegradation.

Grazing, viral attack, competition and the
behaviour of organisms regulate the rate of
biodegradation. Grazers and viruses can
effectively control the biomass of
detrivores (Middelboe et al. 1996). The
presence of grazers or viruses typically
stimulates, rather than retards, bio-
degradation (Middelboe et al. 1996,
Zweifel et al. 1996, Strom et al. 1997,
Vrede et al. 1999). Intra- and interspecific
competition between detrivores may limit
biodegradation. In natural environments the
presence of predator, the heterogeneity

Figure 1. Dissociation energy for some
bonds (Schwarzenbach et al. 1993) and
energy of photons at 300-700 nm.

of environment and environmental
disturbances reduce potential competition
(Leibold 1996, Flöder & Sommer 1999).
The behaviour of detrivores, such as the
searching and trapping of detritus increases
biodegradation. For example, chemotaxis
of bacterioplankton may increase the
turnover of detritus even in an apparently
homogenous water column (Blackburn et
al. 1997).

4.4. Abiotic decomposition of detritus

Abiotic chemical reactions may transform
and mineralize detritus. Decomposition
reactions are by definition typically
thermodynamically favourable (change in
Gibbs free energy is negative). Reactants,
however, need an activation energy of 50-
150 kJ mol-1 before an energetically
favourable chemical reaction takes place
(Mill 1980, Schwarzenbach et al. 1993). In
the biosphere temperatures and pressures
are often too low to activate thermal
chemical reactions and therefore detritus is
stable or degrades only slowly.

Absorption of a photon excites a detrital
molecule and may lead to photochemical
decomposition. Absorption of photons at
the UV- and the visible range of spectrum
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increases the energy content of a molecule
by 150-400 kJ mol-1 (Fig. 1). Excited
molecules need only an activation energy of
10 to 30 kJ mol-1 for chemical reactions,
and therefore photochemical degradation
of detritus is possible (Cooper et al. 1989,
Schwarzenbach et al. 1993). The energy of
photons in the UV- and visible range of
spectrum is high enough to break covalent
bonds (Fig. 1 and 2).

Figure 2. Dissociation energy of carbon-
carbon bonds in selected compounds.

Dissociation energies of carbon-carbon
bonds range from 65 kJ mol-1 of tert-butyl-
triphenylmethane to 962 kJ mol-1 of ethyne
(Fig. 2, Dean 1992). A typical mean is
around 360 kJ mol-1 as is found for a single
C-C bond of alkene (Fig. 1, Dean 1992).
Scission of carboxyl group
(decarboxylation) leads directly to
mineralization. Carboxyl group of phenyl
acetic acid decarboxylates with an energy
of 285 kJ mol-1 and that of dibenzyl acetic
acid with an energy of 249 kJ mol-1 (Dean
1992). Thus, absorption of photons below

480 nm by detritus may lead to
mineralization (Fig. 1).

4.5. Physical and chemical factors
affecting the decomposition of detritus

The rate of detritus degradation depends
on the environmental conditions. For
example, alkaline hydrolysis of a detritus
molecule may proceed at pH 13, but is
negligible at pH 7. Biological reactions may
be fast at pH 7, but do not proceed at pH
13 because organisms cannot stand the
high pH. Photochemical reactions may
decompose detritus during the day when
the sun is shining but not in darkness
during the night.

Physical factors may transform particulate
detritus without breaking covalent bonds.
Wind, water movements, freezing and
drought may fragment particulate detritus
(Robertson & Mann 1980, Peduzzi and
Herndl 1991, Mateo and Romero 1996).
Physical fragmentation assists biological
degradation of detritus by promoting close
contact between degradative enzymes and
the detritus.

Physical and chemical processes modify
and transport detritus. Detritus may exist in
the solid (particulate), the dissolved or the
gaseous phase. Physico-chemical factors
regulate the transport of detritus between
these phases (sorption - desorption,
dissolution - volatilization). Movements of
water and air are important vehicles in
redistributing detritus. For example,
dissolved detritus may flocculate and
sediment in the presence of air bubbles,
high ionic strength, low pH or CaCO3

(Otsuki & Wetzel 1972, Johnson & Cooke
1980, Petersen 1986, Yan et al. 1996,
Schindler & Curtis. 1997, Donahue et al.
1998). Sedimentation transports detritus
from the aerobic illuminated surface waters
to dark, cold and possibly anaerobic
environments. The rates and mechanisms of
decomposition in anaerobic sediments are
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different from those in aerobic surface
waters.

4.6. Solar radiation and radiative transfer
in water

Solar radiation powers photochemical
reactions in surface waters. The sun emits a
rather constant flux of radiation (1450 W
m-2) to the outer edge of the atmosphere of
earth. On earth surface solar radiation
varies a lot in response to latitude, month,
local time, ozone content, cloud coverage,
the precense of other atmospheric aerosols,
water vapour, tropospheric pollutants and
altitude (Frederick and Lubin 1988, Zepp
and Cline 1977, Blumthaler et al. 1992,
Frederick et al. 1989, Madronich et al.
1995). In most atmospheric situations the
form of solar radiation spectrum is rather
constant. The visible range of the spectrum
covers 50%, UV-A (315-400 nm) 6% and
UV-B (280-315 nm) 0.1% of global
radiation (i.e., in the wavelength range of
290 to 3000 nm). The proportion of UV-B
radiation is the most variable component of
spectrum and controlled to a large extent
by the content of atmospheric ozone
(Molina & Molina 1986).

The absorption of a single photon is the
primary event in photochemistry, and
therefore the solar radiation is often
presented as the photon flux density. The
number of photons reaching the surface of
Earth is high. For example, a square meter
of Earth's surface receives 1024

 photons
below 500 nm during a typical summer
noon hour with a global radiation of 600 W
m-2. In contrast, during the night the
photon flux density is near zero. Thus, the
temporal photon flux density may vary
1024-fold.

A full understanding of photochemical
reactions needs an accurate description of
the spectral distribution, the intensity, and
the three dimensional distribution of the
incident photon flux. When radiation enters

an aquatic ecosystem, it is partly reflected
by the surface of water and its angular
distribution changes. The inherent optical
properties of the medium dictate the
radiative transfer of radiation in the water
column. A beam attenuation coefficient (c,
m-1) describes exhaustively the inherent
optical properties and is the sum of both
the absorbing (a, m-1) and scattering (b, m-

1) components (Gordon 1989):
c(z) = a(z) + b(z) (1).
For a complete description of scattering it
is necessary to describe the volume
scattering function (Gordon 1989):

b z z( ) ( ; ) sin= �2

0

π β
π

Θ Θ Θ d (2)

where β is the volume scattering function
(m-1

 sr-1) and Θ is the angle between
directions specified by (θ', ϕ ') and (θ, ϕ).
The θ and ϕ are the zenith and azimuth
angles in a spherical coordinate system in
which the the z axis is directed to the nadir,
and the x- and y-axes are along the surface
of the water body. Because photons from
all directions cause photochemical
reactions, the estimation of photochemical
reaction rates requires a description of the
scalar photon flux density that is the
photon flux arriving at a given point from
all directions of the sphere.

Typically neither the inherent optical
properties nor the three dimensional
distribution function of the incident
radiation are known in detail. Often the
optical properties of a medium are
described by the vertical attenuation
coefficient of downward irradiance (Kd). Kd

is calculated from the measured irradiance
(I) in situ at least at two different depths (z
and z+i):
Kd = ln (Iz/Iz+i) (3).
Kd describes the attenuation of radiation in
a medium, and takes into account
absorption and scattering. Kd depends
partly on the distribution of light field at
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the moment of measurement and is
therefore an apparent optical property.

Kd is a useful measure for the attenuation
of solar radiation in different aquatic
environments. For example, Kd at UV-B
range of the spectrum is for oceanic waters
0.12-0.15 m-1, for coastal waters 0.27-0.86
m-1

 and for Baltic Sea Proper 3.0-3.5 m-1

(Kirk 1994). The Kd,UV-B of most fresh-
water lakes and rivers is higher than that of
the Baltic Sea, up to extremes of 466 m-1

(Kirk 1994, Granéli et al. 1998). In other
words, for example, 10% of the surface
irradiation at UV-B penetrates to a depth
of 20 m in Sargasso Sea (Kd,310 = 0.116   m-

1), and to a depth of 0.0049 m in a
dystrophic lake (Kd,UV-B = 466 m-1). The
attenuation of solar radiation in particulate
detritus is very steep, and most (99.9%) of
the solar radiation may attenuate within a
millimeter or less (i.e., with Kd > 6900    m-

1). For example, Kd may range from 2300
to 27 000 m-1

 in microbial mats and
sediments (Kühl et al. 1997). Thus, in
different aquatic environments the
attenuation of solar radiation may vary
over five orders of magnitude.

4.7. Absorption of radiation

The absorption of photon is prerequisite
for photochemical reaction and may lead to
electronic excitation of a detritus molecule
(Stumm 1992). Visible light and UV-
radiation are sufficiently energetic to cause
electronic excitation (Bloom & Leenheer
1989). At sub-molecular level
chromophores are responsible for the
absorption of UV- and of visible radiation
(Bloom & Leenheer 1989). A chromo-
phore is a covalently unsaturated group
fundamentally responsible for electronic
absorption (Miller 1953). Whereas a single
chromophore such as a simple C=C double
bond has an absorption at 185 nm, this is
increased to 217 nm in 1,3-butadiene, and
to 273 nm in trans-cinnamic acid (Miller
1953). The presence of groups such as OH,

NH2, or S with lone pairs of electrons
generally increases both the wavelength
and the intensity of the absorption (Miller
1953). Thus, a conjugation of choromo-
phores makes an absorption of solar
radiation (>290 nm) possible.

Chromophoric dissolved organic matter
(CDOM) absorbs large part of the
photochemically active radiation in fresh
and coastal waters (300-500 nm, Cooper et
al. 1989, Davies-Colley and Vant 1987).
CDOM has a characteristic featureless
electronic spectrum decreasing exponen-
tially towards longer wavelength with little
signal above 500 nm. The absorption
spectrum of humic substances are
practically identical to that of CDOM.
Because humic substances are the most
important group of detritus and are
chromophoric by definition, they contribute
most to absorption. In natural waters minor
absorbers are e.g., the water itself (Arrigo
1994, Smith & Baker 1978), nitrate &
nitrite (Zuo & Deng 1998) and degradation
products of pigments. Suspended
particulate matter may contain
chromophoric substances such as
chlorophylls, carotenoids and poly-
unsaturated fatty acids (Zafiriou et al.
1984). Absorption of radiation by particles
may exceed that by dissolved matter in
oceanic and very clear fresh waters, in
eutrophic waters, as well in the areas where
water movements keep large amount of
particles in suspension (rivers, turbid
littoral). However, in most fresh and
coastal waters the radiation below 500 nm
is absorbed by CDOM rather than by
particles.

The rates of excitation of dissolved detrital
molecules by photons can be estimated
when the solar photon flux density and the
absorption characteristic of water are both
taken into account. For example, humic
lakes typically contain 1 mol DOC-C m-3

and Kd below 500 nm is greater than 5 m-1

(Hoigné 1990). Thus, CDOM in the top
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meter of lake water absorbs most (>99%)
of photons at wavelengths <500 nm. At
noon, typically 1024

 photons m-2
 below 500

nm reaches the surface during one hour. If
the dissolved detrital molecules absorbing
solar radiation contain 10 carbon atoms,
the number of chromophoric molecules is 6
× 1022

 m-3. In this case solar radiation
excites each chromophore 17 times during
a noon hour if the top meter is well mixed.
Thus, solar radiation has a high potential to
modify CDOM in surface waters.

4.8. Photochemical reactions

Excited molecules lose their excitation
energy via physical or chemical quenching
(Mialocq 1997). In natural waters most
(>90%) of the excitation energy is lost as
heat (Haag & Mill 1990). Energy may be
lost also through emitting a photon
(fluorescence or phosphorescence) or
through transfer of energy to another
chemical species (sensitization; Mialocq
1997). In the wavelength range of 290-700
nm, a small fraction (< few percent) of the
excited molecules undergoes a chemical
reaction (Fig. 3). The proportion of
absorbed photons finally leading to a
chemical reaction is given as the quantum
yield (φλ):

φλ = 
mol of product

mol of absorbed photons
(4).

For example, it can be calculated from the
φ290 of 0.008 for the photoproduction of
DIC (Fig. 3, Gao & Zepp 1998) that one of
the 125 absorbed photons at 290 nm will
convert DOC to DIC. The quantum yields
decrease exponentially with increasing
wavelength (Fig. 3). In different waters, the
variation in quantum yield is within an
order of magnitude for a single type of
reaction at a single wavelength (Fig. 3).
For example, the quantum yields for the
photoproduction of hydrogen peroxide

Figure 3. Apparent quantum yields for
some photochemical reaction products of
dissolved detritus at 250-550 nm.
Photoproduction of singlet oxygen (1O2)
from Lake Baldegg (Haag et al. 1984).
Photoproduction of DIC from the Satilla
River (Gao & Zepp 1998). Photo-
production of carbon monoxide (CO) from
five different freshwaters (Valentine &
Zepp 1993, Gao & Zepp 1998). Photo-
production of hydrogen peroxide (H2O2)
from the Eastern Carribean (Moore et al.
1993). Photoproduction of ethene from
seawater (Ratte et al. 1998). Photo-
production of carbonyl sulfide (COS) from
the North Sea, the Gulf of Mexico and the
Pacific Ocean (Zepp & Andreae 1994,
Weiss et al. 1995). Photoproduction of
hydroxyl radicals (�OH) from the
Delaware and the Cheaspeake Bays
(Vaughan & Blough 1998).

ranged from 4 × 10-5
 to 23 × 10-5

 in 17
freshwaters (Scully et al. 1996).

Photochemical reactions can occur in
solution (homogenous) or on surfaces
(heterogeneous) and can be classified into
indirect and direct reactions (Hoigné 1990,
Schwarzenbach et al. 1993). Direct
reaction occurs when the initially excited
molecule undergoes a chemical reaction,
such as fragmentation, intramolecular
rearrangement, isomerization, abstraction
of a hydrogen atom or dimerization
(Schwarzenbach et al. 1993). For example,
direct photolysis decarboxylates diaryl-

250 300 350 400 450 500 550
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

0.1

Wavelength (nm)

Q
ua

nt
um

 y
ie

ld

 DIC
 CO
 H

2
O

2

 ethene
 COS

 1O
2

 HO



Introduction

13

acetic acids and N-[p-chloro-benzoyl]-5-
methoxy-2-methylindole-3-acetic acid
(Krogh & Wan 1992, Dabestani et al.
1993).

Indirect photochemical reaction or
photosensitization occurs when energy
from the initially excited molecule is
transferred to another molecule, a
quencher, which undergoes the chemical
reaction (Zepp et al. 1985, Hoigné 1990,
Schwarzenbach et al. 1993, Mialocq 1997).
In natural waters humic substances are the
dominant absorbers and thus the most
important sensitizers for photo-chemical
reactions (Zepp et al. 1985). Energy
transfer, for example, to oxygen may result
in transient reactive species like singlet
oxygen (1O2), superoxide anion (O2

-) and
the hydroxyl radical (HO·), or in the rather
stable hydrogen peroxide (H2O2; Hoigné
1990, Scully et al. 1996). After
photochemical formation, the reactive
species may undergo secondary thermal
reactions (Cooper et al. 1989). It is
important to notice that indirect
photochemical reactions may concern also
non-chromophoric species. For example,
indirect photochemical reaction can
decarboxylate sulphur-containing amino
acids and indole-3-acetic acid (Bobrowski
et al. 1992, Brennan 1996).

Heterogeneous photochemical reactions
take place on the surfaces of particles
suspended in the water column or on the
sediments of the photic zone. For example,
hematite (α-Fe2O3) catalyses photo-
chemical oxidation of oxalate to CO2

(Siffert & Sulzberger 1991) and
lepidocrocite (γ-FeOOH) photocatalyzes
decomposition of ethylenediaminetetra
acetic acid (EDTA) and of fulvic acid
(Karametaxas et al. 1995, Voelker et al.
1997). The oxidation of organic compouds
on the surface of particles may occur via
semiconductor mechanism. Absorption of a
photon by a semiconductor particle
transports an electron from a valence band

to a conduction band leaving behind an
electron vacancy, a photohole. A photo-
hole seeks desperately for an electron and
may oxidize species on surface of the
semiconductor. A photoelectron in the
conduction band may reduce adsorbed
species. In the complexes of metal and
organic compounds, the photochemical
decomposition may proceed via ligand to
metal charge transfer (Siffert & Sulzberger
1991, Karametaxas et al. 1995). For
example, the presence of dissolved iron
enhances photochemical degradation of
fulvic acids, dicarboxylic acids and α-keto
acids (Faust & Zepp 1993, Voelker et al.
1997, Gao & Zepp 1998).

4.9. Predicting the rates of photochemical
reactions

The rates of photochemical reactions can
be estimated from the product of three
parameters: (1) scalar photon flux density,
(2) the absorption of photons by the
medium and (3) the quantum yield of the
reaction (Zepp & Cline 1977, Miller 1998).
The product of (1) and (2) will give the
rate of photon absorption. The quantum
yield (3) reveals how many absorbed
photons will result in a photochemical
reaction. A mathematical presentation of
the reaction rate at the depth z is:

reaction ratez = 

λ

λ

min

max

� φλ Qs,z,λ aλ dλ (5)

where φλ is the quantum yield of reaction
at λ (dimensionless), Qs,z,λ is the scalar
photon flux density at the depth z and the
wavelength λ (mol of photons m-2

 s-1), aλ is
the absorption coefficient of the medium at
the wavelength λ (m-1), λmin and λmax are
the minimum and maximum wave-lengths
(nm) contributing to the photo-chemical
reaction. Since the three parameters of Eq.
5 depend on wavelength, the prediction of
rate requires an integration over
wavelengths. A photo-chemical reaction,
like the mineralization of organic carbon
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(see 4.8.), may proceed via several
reaction mechanisms and each reaction

mechanism has its own φλ. The sum of

individual φλ will give the total φλ for the
reaction.

4.10. Photochemical reactions related to
the processing of detritus

Photochemical reactions decrease the
aromaticity of the humic substances and
increase the number of aliphatic structures,
carbonyl and carboxylic groups (Kulovaara
et al. 1996). Although photochemical
reactions may increase the molecular
weight of dissolved detritus (Backlund
1992, Kieber et al. 1997), most often the
molecular weight of dissolved detritus
decreases (Strome and Miller 1978, Geller
1985, De Haan 1993, Hongve 1994). The
most abundant photoproduct is CO2

(Gjessing & Gjerdahl 1970, Chen et al.
1978, Miller & Zepp 1995, Granéli et al.
1996, 1998, Gao & Zepp 1998, Miller &
Moran 1997, Moran & Zepp 1997). The
other low molecular weight compounds
include those given in Fig. 4. Many organic
photoproducts are substrates for bacteria
and will be biodegraded.

Photochemical reactions may mobilize
detritus bound nutrients. Photochemical
reactions release inorganic phosphorus and
nitrogen from organic or from complexed
compounds (e.g., humic substance-iron-
phosphorus complexes; Manny et al. 1971,
Cotner & Heath 1990, Bushaw et al.
1996). Photochemically released nutrients
may provide nutrients for detrivores and
thus increase biodegradation (Bushaw et al.
1996).

The paragraphs above describe the
reactions of bulk dissolved detritus. An
early review by Roof (1982) describes the
photochemical degradation of 100
antropogenic chemicals, but few studies
concern chemically well characterized

natural compounds. Photodegradation of
senescent phytoplankton leads to
degradation of chlorophylls, chlorophyll
phytyl chains, carotenoids, sterols,
unsaturated fatty acids, and cyanobacterial
toxins (Rotani 1998, Choswell et al. 1999).
Lignin-related photochemical reactions
result in cleavage of methoxy groups and
formation of quinones, hydroxyl, carboxyl
and keto groups (Weir et al. 1994, 1996,
Argyropoulos & Sun 1996). Photo-
chemical reactions break bonds between
polymer bound phenoxy monomers and
release low molecular weight compounds
(Gold et al. 1983, Castellan et al. 1987,
Argyropoulos & Sun 1996). For example,
Sun et al. (1998) identified 26 aliphatic
acids after photodegradation of lignin.
Solar radiation decomposes lignin in the
detrital leaves of seagrass and modifies
lignin residues also in the water column
(Opshal & Benner 1993, 1998).

While photochemical production of low
molecular weight organic substrates and
bioavailable nutrients may increase
biodegradation, opposite effects have also
been reported. Solar radiation decreases
the biodegradation of protein and other
labile detritus (Naganuma et al. 1996,
Benner & Biddanda 1998, Tranvik &
Kokalj 1998, Anesio et al. 1999,
Obernosterer et al. 1999). UV radiation
may generate long (days) lived toxic
compounds, which reduce the growth of
phytoplankton (Hessen & Van Donk 1994)
and of bacteria (Lund & Hongve 1994,
Anesio et al. 1999).

4.11. Effects of solar radiation on
detrivores

Inside a cell photochemical reactions are
noxious for the highly structured bio-
chemical machinery taking care of the
functions of life. Solar UV-B radiation
causes photodimerization of adjacent
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Figure 4. Low molecular weight photoproducts of natural DOM. A shows monocarboxylic
acids. B shows dicarboxylic acids and miscellaneous compounds. Data from Kieber et al.
1990, Mopper et al. 1991, Backlund 1992, Allard et al. 1994, Wetzel et al. 1995, Corin et
al.1996, Kulovaara 1996, Bertilsson & Tranvik 1998 and Ratte et al. 1998.

O

OH

OH

OH

O

formic acid

OH

O

acetic acid

OH

O

O

glyoxylic acid
or
oxoacetic acid

lactic acid
or
2-hydroxy propanoic acid

OH

O

propanoic acid
or
propionic acid

OH

O

OH

glycolic acid
or
hydroxyacetic acid

OOH

OH

2-hydroxybenzoic acid

OOH

OH

OH

2,4-dihydroxybenzoic acid

hexanoic acid

hexadecanoic acid octadecanoic acid

O

OH

O

Pyruvic acid
or
2-oxo-Propionic acid

O

OHOH

3-hydroxy
propanoic acid

O

OHOH

3-hydroxy
2-propenoic acid

OH

O

O

4-oxopentanoic acid
or
levulinic acid

OH

OO

3-oxobutanoic acid
or
acetoacetic acid

butanoic acid

OH

O

OH

O

OH

O

OH

O

Figure 4 A



Introduction

16

OH

O

O

OH

Oxalic acid
or
Ethanedioic acid

OH

O

OH

O

Malonic acid
or
Propanedioic acid

OH

O

OH

O

Succinic acid
or
Butanedioic acid

OH

O
OH

OHO

O

OH

Citric acid
or
2-Hydroxy-1,2,3,-propane
tricarboxylic acid

OH

O

OH

O

Methylsuccinic
acid or
Methylbutanedioic
acid

OH

O

OH

O

Methylenesuccinic
acid or
Methylenebutanedioic
acid

OH

O

OH

O

2-butenedioic acid
or
fumaric acid

OH

OO

OH

Pentane-
dioic
acid

OH

O

OH

O

OH

Hydroxybutanedioic
acid or
Malic acid

OH

O

OH

O

2-methyl-2-butene-
dioic acid or
methylmaleic acid

O OH

OOH

terephtalic acid
or
1,4-benzenedi-
carboxylic acid

CH2

O

formaldehyde

acetaldehyde

O

O

O

CH3

carbon monoxide carbon dioxide acetone

H3C CH3

O

O

O
H3C

methylglyoxal

H2C CH2

H2C CH3

ethene

propene

glyoxal

Figure 4 B

C O C OO



Introduction

17

pyrimidine bases and photohydration of
cytosine (Jeffrey et al. 1996, Weinbauer et
al. 1999). Other, less frequent DNA-
damage includes intra- and inter-strand
cross links, single-strand breaks, protein-
DNA cross links and base adducts (Audic
& Giacomoni 1993, Miller et al. 1999).
Many bacteria (25 to 65% of marine
isolates) carry lysogenic prophages (Jiang
& Paul 1998). After exposure to UV-
radiation, prophages may initiate a lytic
cycle and destroy the bacterial host (Jiang
& Paul 1998). UV-radiation is known to
damage enzymes and decrease their activity
(Müller-Niklas et al. 1995, Zigman et al.
1996). On the other hand, UV-radiation
may increase enzyme activity in humic
waters, possibly by breaking the complexes
between humic substances and enzymes
(Wetzel et al. 1995). The negative effects
of UV-radiation may decrease the bacterial
production in surface waters (Herndl et al.
1993, Müller-Niklas et al. 1995, Pakulski
et al. 1998). Solar radiation causes
selective losses of UV-sensitive
populations (Bothwell et al. 1994). The
UV-resistant populations survive and may
increase in density. Thus solar radiation is
an important factor determining the
structure of a biological community
(Bothwell et al. 1994).

Organisms can protect themselves and
recover from the negative effects of solar
radiation (Herndl et al. 1993, Müller-Niklas
et al. 1995, Pakulski et al. 1998). Catalase,
superoxide dismutase, glutathione
reductase and glutathione peroxidase
protect cells against reactive oxygen
species. Antioxidants (like carotenoids and
flavonoids) serve the same function
(Krasnovsky 1994). Protective pigments
(carotenoids, mycosporin, melanin) absorb
harmful UV-radiation and can act as
internal sun screens (Zellmer 1995).
However, at the level of a single bacterial
cell (radius <1µm), the optical depth of
protective pigments may be too narrow to
be effective (Garcia-Pichel 1994). In the

water column CDOM absorbs effectively
solar UV and forms an effective external
sun screen. Some organisms can escape
harmful solar radiation (Williamson 1995).
For example, vertically migrating
zooplankton enter the surface waters at
night and spend the daytime in deep water.
After photodamage, cells may recover e.g.,
by the action of DNA repair enzymes
(Herndl et al. 1993, Müller-Niklas et al.
1995, Pakulski et al. 1998, Miller et al.
1999).

The chapters 4.10. and 4.11. indicate that
solar radiation affects the rate of
decomposition in positive, or negative or
hitherto unpredictable ways. These effects
(summarized in Table 1) act simulta-
neously in natural environments. The
importance of each mechanism and the
overall effect of solar radiation depends on
the ecological conditions in each
ecosystem.
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Table 1. The effects of solar radiation on the decomposition of detritus.
Effect Mechanism Reference
Positive Solar radiation directly mineralizes

detritus.
Gjessing & Gjerdahl 1970, Chen et al.
1978, De Haan 1993, Miller & Zepp 1995,
Granéli et al. 1996, 1998, Gao & Zepp
1998, Bertilsson et al. 1999.

Solar radiation transforms bio-
logically recalcitrant detritus to
bioavailable form.

Strome & Miller 1978, Geller 1986,
Amador et al. 1989, Kieber et al. 1989,
Opshal & Benner 1993, Lindell et al. 1995,
Müller-Niklas et al. 1995, Wetzel et al.
1995, Bertilsson & Allard 1996, Bushaw et
al. 1996, Miller & Moran 1997, Reitner et
al. 1997, Bano et al. 1998, Obernosterer et
al. 1999, Bertilsson et al. 1999.

Solar radiation releases essential
nutrients.

Manny et al. 1971, Cotner & Heath 1990,
Bushaw et al. 1996.

Negative Solar radiation transforms
bioavailable detritus into recalcitrant
form.

Naganuma et al. 1996, Benner & Biddanda
1998, Tranvik & Kokalj 1998, Anesio et al.
1999, Obernosterer et al. 1999.

Solar radiation affects negatively on
detrivores.

Herndl et al. 1993, Müller-Niklas et al.
1995, Reitner et al. 1997, Sommaruga et al.
1997, Hurtubise et al. 1998, Pakulski et al.
1998.

Solar radiation generates toxic
compounds.

Hessen & Van Donk 1994, Lund &
Hongve 1994, Anesio et al. 1999.

Unpre-
dictable

Solar radiation changes the
structure of the biological
community.

Bothwell et al. 1994, Williamson 1995,
Gehrke et al. 1995, Tong & Lighthart
1997, Wickham & Carstens 1998, Mostajir
et al. 1999.

Solar radiation changes the
biochemical composition of plant
biomass, before it enters detrital
pool.

Gehrke et al. 1995, Goes et al. 1996.

5. Aims of the study

Detritus is an essential partner in the
biogeochemical cycling of carbon in
aquatic ecosystems. A remarkable part of
the detrital carbon flows through microbes.
Solar radiation also contributes to detrital
carbon flux. This study focuses on the
decomposition of detritus and aims:

1) to quantify and predict the
photochemical degradation of detritus
induced by solar radiation.

2) to evaluate the interactions between
photochemical and microbial reactions
leading to decomposition of detrital
carbon.
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Table 2. The study sites, the detritus and a source for further information.
Site Detritus Further information
A humic Lake Skervatjern, Norway DOC of lake water Gjessing 1992
A humic Lake Valkea-Kotinen, Finland DOC of lake water Rask et al. 1998, Keskitalo et al. 1998

14C-[ring]-labelled lignin Faix et al. 1985, Eriksson et al. 1990
Marine littoral in Roskilde Fjord, Denmark Eelgrass (Zostera marina, L.) Kamp-Nielsen 1992, Pellikaan 1984

Table 3. The summary of the methods.
Target Method Further information
Dissolved inorganic carbon Acidify-purge-infrared method, Universal carbon analyser Salonen 1981
Organic carbon Combustion infrared method, Universal carbon analyser and

Shimadzu TOC-5000
Salonen 1979,
Søndergaard & Middelboe 1993

Phosphate Ascorbic acid method, AKEA-autoanalyser, APHA 1998
Nitrate + nitrite Cadmium reduction method, AKEA-autoanalyser, APHA 1998
Ammonium Phenate method, Colorimetry, APHA 1998
Total nitrogen and phosphorus Persulfate digestion, AKEA-autoanalyser APHA 1998
Ash free dry weight Ignition for 2 h at 550°C, an electrobalance
Pigments Shimadzu LC-10A HPLC Jeffrey 1997, Wright et al. 1991
Absorption of CDOM Shimadzu UV-2100 and UV-2501PC spectrophotometers Bricaud et al. 1981
Optics of leaves LI-1800 spectroradiometer with an intergrating sphere,

Shimadzu UV-160A spectrophotometer
Li-Cor 1982,
Vähätalo et al. 1998

Colour of water Absorption at 420 nm, Cobolt-plantinum standards APHA 1998
Spectroradiometry Macam SR991 spectroradiometer Http://www.macam.com
Photon flux density (400-700 nm) Li-Cor, LI-190Sa quantum sensor Li-Cor 1982
Global radiation BPW 20 photodiode, Hortimic Oy Strangeways 1996
Ozone M-124 ozonometer, Brewer spectrophotometer
Quantum yield in laboratory Increase in DIC, Chemical actinometry Becker et al. 1976
Quantum yield in situ Increase in DIC, Quasi-measured spectra Vähätalo et al. 2000
Respiration Dark bottle method, Increase in DIC APHA 1998
Biovolume of bacteria Epifluorescence microscopy Bergström et al. 1986
Bacterial activity Incorporation of 14C-leucine Hollibaugh & Wong 1992
14C-activity Wallac 1400 liquid scintillation counter
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6. Material & Methods

The sites and the detritus used in this study
are shown in Table 2. Decomposition of
detritus was studied by exposing the
detritus to solar radiation or to indigenous
micro-organisms of the study sites. The
methods used in the decomposition studies
are summarized in Table 3.

7. Results

7.1. Mineralization of DOC in humic lakes

To quantify the biological mineralization of
DOC, I measured microbial respiration in
<2 µm filtered water (12 g of DOC-C  m-3)
of the humic Lake Valkea-Kotinen,
Finland. Planktonic microbes mineralized
45 mg of DOC m-3

 d-1
 (Fig. 3 in III) and

470 mg of DOC m-3
 in 7 d during the

summer (Table 2 in III). Microorganisms,
thus, mineralized <4% of the DOC in a
week (Fig. 2 in III) indicating biological
recalcitrance of the bulk of DOC in Lake
Valkea-Kotinen.

To compare with the microbial
mineralization, I also determined the solar
radiation induced photochemical minera-
lization in Lake Valkea-Kotinen. Solar
radiation mineralized 230 mg of DOC m-3

d-1
 (Fig. 3 in II, Fig. 3 in III) and 2200 mg

DOC m-3
 in 7 d (Table 2 in III) at the depth

of 1 cm. Thus, the photochemical minera-
lization exceeded the microbial minera-
lization of DOC four fold at the depth of 1
cm (Fig. 3 in II, Fig. 3 and Table 2 in III).
The magnitude of photomineralization was
similar in another humic Lake Skervatjern,
Norway (Figs. 1 and 4 in I). The DOC in
the water flowing into Lake Skervatjern
was the most sensitive for photochemical
mineralization followed by the DOC of the
hypolimnetic and of the epilimnetic water
of the lake (Figs. 3 and 5 in I). These
results suggest that the rate of
photochemical minera-lization of DOC can
be high near the surface of humic lakes and

that the sensitivity of DOC for
photochemical mineralization may vary in
different parts of the watershed (Figs. 3
and 5 in I).

To compare the contributions of photo-
chemical mineralization of DOC and
planktonic respiration to the mineralization
of organic carbon in the water column of
Lake Valkea-Kotinen, the depth integrated
mineralization yields were calculated for
the summer 1994 (Table 4 A). The
mineralization of DOC was considered to
consist of two components, the photo-
chemical mineralization of DOC and the
microbial respiration in <1 µm filtered
water. The dark microbial respiration was
4.5 mg C m-2

 d-1, when integrated over the
top 10 cm (mean of 10 days, Fig. 3 in III).
This rate of microbial respiration was used
also to calculate the dark microbial
respiration in Lake Valkea-Kotinen over
other depths to 2 m (Table 4 A). The
respiration was measured in darkness from
the water collected in early mornings
representing the minimal effect of solar
radiation. The depth-integrated photo-
chemical mineralization of DOC was
calculated from pmz = 270 mg C m-3

 d-1
   e-

23 z, where the 270 mg C m-3
 d-1

 is the rate
of mineralization extrapolated to z = 0 m,
pmz is the mineralization rate at the depth z
and 23 m-1

 is the vertical attenuation
coefficient for the photo-chemical
mineralization (mean of 11 days, Fig. 3 in
II). The contribution of photochemical
minera-lization to the mineralization of
DOC was high near (0-10 cm) the lake
surface and attenuated steeply with an
increasing depth (Table 4 A, Fig. 3 in II,
see also Figs. 1 and 4 in I for Lake
Skervatjern). In the 2 m deep epilimnion of
Lake Valkea-Kotinen photochemical
mineralization of DOC was 12 mg of C m-2

d-1
 (Fig. 4 in II) meaning that

bacterioplankton was the dominant catalyst
of DOC mineralization in this layer (Table
4 A). To further quantify the role of
photochemical reactions in the
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Table 4. Contribution of respiration and solar radiation to the mineralization of organic
carbon in the water columns of different thickness from surface towards depth in Lake
Valkea-Kotinen during June to August, 1994. The part A of the table takes into account only
the direct photochemical mineralization of DOC. The part B of the table shows the effect of
solar radiation on mineralization using the finding that 2/3 of the effect was direct
mineralization and 1/3 was increased microbial respiration (see IV and text for details).
Thickness
of water

Mineralization of DOC Mineralization of total organic carbon

 column Total Respir
ation in

dark

Direct
effect of
the sun

Total Respir
ation in

dark

Direct
effect of
the sun

m mg C m-2
 d-1 % mg C m-2

 d-1 %

A    0.01           2.9 15 85            4.4 44 56

       0.1         15.3 29 71
    1         57 79 21        155 92 8
    2       102 88 12        245 95 5

B Respir
ation in

dark

Direct +
indirect
effect of
the sun.

Respir
ation in

dark

Direct +
indirect
effect of
the sun.

% %
    1         63 71 29        161 89 11
    2       108 83 17        251 93 7

mineralization of total organic carbon, the
respiration of plankton in the unfiltered
water was included in the calculations.
Planktonic respiration in situ was 233 mg
C m-2

 d-1
 in the 0-2 meter water column,

143 mg C m-2
 d-1

 in the 0-1 meter water
column and 1.96 mg C m-2

 d-1
 in the 0-0.01

m water column (mean of 13 days,
Keskitalo & Salonen 1996). The
photochemical mineralization was higher
than planktonic respiration near the surface
(0-1 cm) but only 5 % of the minera-
lization of the total organic carbon in the 2
m deep epilimnion (Table 4 A).

Microbes mineralized the bioavailable part
of dissolved detritus in Lake Valkea-
Kotinen (Fig. 2 in III) whereas the photo-
chemical reactions may have attacked the
bulk of biologically recalcitrant DOC. To
study this possibility, I introduced 

14C-
[ring]-labelled synthetic lignin (14C-DHP,
Fig. 1 in III) to the water of Lake Valkea-

Kotinen as a surrogate for biologically
recalcitrant organic carbon, and followed
the fate of the 

14C-label. Planktonic
microbes mineralized negligibly the 

14C-
DHP during 7 d (Table 1 and Fig. 2 in III).
During 7 d exposure to solar radiation at
the depth of 1 cm, solar radiation minera-
lized 19% of 14C-DHP and increased the
solubility of 14C-label in water (Table 1 and
Fig. 2 in III). This result indicates that solar
radiation mineralized and modified
biologically recalcitrant organic carbon.

7.2. Quantum yield for photochemical
mineralization

The rates of photochemical mineralization
in the water column can be predicted
taking into account the photon flux density,
the absorption of photons by the lake water
and the quantum yield (as shown in Eq. 5).
The quantum yield is the least known
parameter and therefore I developed a
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method for determining the spectrum of
quantum yield for the photo-chemical

mineralization of DOC (φλ, II). The key
issue in the method was the description of
φλ as c × 10-dλ, where c (dimensionless)
and d (nm-1) are positive constants. It was

possible to determine φλ based on (1) the
absorption spectrum of CDOM (Fig. 7 A in
II), (2) the in situ measured photochemical
mineralization at the depth z (Fig. 3 in II),
and (3) the solar spectrum of photon flux
density at the same depth (Fig. 7 C in II).

In Lake Valkea-Kotinen φλ was 7.52 × 10-

0.0122λ (Fig. 7 B in II) describing the
quantum yield spectrum for the
photochemical mineralization of DOC
between 300 nm and 700 nm. The quantum

yields calculated from the φλ of 7.52 × 10-

0.0122λ agreed with the quantum yields
determined in a laboratory at the single
wavelengths of 320, 355 and 390 nm
(Table 2 in II). This agreement suggests
that the developed method resulted in a

reliable determination of φλ in situ.

I tested whether Eq. 5 with the observed φλ
correctly predicted the rates of photo-
chemical mineralization of DOC in Lake
Valkea-Kotinen. The predicted rates of
photochemical mineralization agreed with
the measured ones at the depths of 1-10 cm
and in the whole water column (Figs. 8-9 in
II). The modelling with Eq. 5 revealed that
the UV-A part of solar radiation
mineralized DOC most (Fig. 7 E and Table
3 in II). The attenuation of UV-A in the
water column described roughly the
attenuation of photochemical minera-
lization (compare Figs. 2, 3 and 7 in II).

Thus, the φλ applied in Eq. 5 allowed a
reliable prediction of the rates of photo-
chemical mineralization and gave spectral
details of photochemical mineralization of
DOC.

7.3. Photochemical modification of DOC
and it's effects on bacteria

I used a microbial assay for quantifying the
changes in the bioavailability of DOC
during exposure to solar radiation. The
exposure of <0.2 µm filtered water from
Lake Valkea-Kotinen to solar radiation for
a day resulted in the mineralization of 250-
800 mg of DOC m-3

 d-1
 (Fig. 1 in IV).

Mineralization was negligible in the non-
exposed water kept in dark (Fig. 1 in IV).
The light exposed and the non-exposed
waters were spiked with indigenous
microbes from Lake Valkea-Kotinen (<1
µm filtered water) and cultured for 4 d in
darkness. During culture, the bacteria
mineralized 2 to 5 fold more of DOC in the
solar radiation exposed water than in the
non-exposed water (Figs. 5-6 in IV). Thus,
solar radiation mineralized DOC indirectly
by enhancing microbial minera-lization of
DOC.

The effect of solar radiation on the
mineralization of DOC, thus consisted of
two components, (1) the direct photo-
chemical mineralization of DOC and (2) the
indirect microbial mineralization of DOC,
which increased after the solar radiation
exposure of DOM. To quantify the relative
magnitude of the direct and the indirect
components, I compared the magnitude of
photochemical minera-lization of DOC
(Fig. 1 in IV) to that of the solar radiation
stimulated increase in the microbial
respiration during the 4 d long culturing
(Fig. 6 in IV). The respiration was higher
by 159-189 mg C m-3

 in the solar radiation
exposed water than in the non-exposed
water collected from 0-1 m depth in June
to August (Fig. 6 in IV). This increased
respiration was 46-51% (mean 49%, n = 3)
of the photo-chemical mineralization of
DOC during the initial irradiation (319-372
mg C m-3; see Figs. 1 and 6 in IV). This
result indicates that the total
photochemically induced mineralization of
DOC consisted of 2/3 from the direct
photochemical mineralization and of 1/3
from the enhanced microbial respiration.
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I used the above estimate to recalculate the
mineralization by solar radiation in the 1
and 2 m thick water columns of Lake
Valkea-Kotinen (Table 4 B). Since the
direct photochemical mineralization of
DOC was 12 mg C m-2

 d-1
 in the water

column of Lake Valkea-Kotinen (Fig. 4 in
II), the indirect component was calculated
to be half of that, 6 mg C m-2

 d-1
 (Table 4

B). When this is applied into the
calculations, the sum of direct and indirect
effects of solar radiation on the
mineralization of DOC was 17 % in the 2
m thick water column of Lake Valkea-
Kotinen (Table 4 B).

During the culturing of the microbes from
Lake Valkea-Kotinen in the exposed and
non-exposed waters, the concentration of
dissolved (permeate of GF/F-filter)
phosphorus and nitrogen decreased, and
the amount of particulate (retained by
GF/F-filter) nitrogen and phosphorus
increased (Figs. 2-3 in IV). These changes
in the nutrient pools indicated the
consumption of dissolved nutrients by
bacteria and the simultaneous generation of
particulate nutrients bound to bacterial
biomass. The concentrations of particulate
nitrogen and phosphorus were typically 1.5
times higher in the solar radiation exposed
lake water than in the non-exposed water
kept in darkness (Figs. 2-4 in IV). This
indicates increased production of bacterial
biomass in the solar radiation exposed
water. Microscopic counting of bacterial
biomass gave similar result. After the 2-4 d
of culturing, the biovolume of the bacterial
community in the water exposed to solar
radiation was 1.7 fold higher than in the
non-exposed water kept in dark (Fig. 5).
Thus, the exposure of water from Lake
Valkea-Kotinen to solar radiation increased
the production of bacteria.

During the culturing of the microbes from
Lake Valkea-Kotinen, the concentration of
phosphate decreased below the detection

limit of the method (<2 mg PO4-P m-3, Fig.
2 of IV) indicating that bacteria scavenged
inorganic phosphorus into the biomass. At
the beginning of the experiments, the
C:N:P mass ratio in the DOM was
2500:75:1 (n = 12) and far greater than the
100:20:1 found on the GF/F filters (n = 12)
representing bacterial biomass. Since the
concentration of phosphorus was low both
in DOM and in inorganic form (Fig. 2 in
IV), it was plausible that the growth of
bacteria had been limited by phosphorus.

7.4. Photochemical modification of
detrital eelgrass

I expected that solar radiation may affect,
not only the dissolved detritus in lake
water, but also the particulate detritus in
water. To investigate this, I exposed dark
brown heat sterilized detrital leaves of
eelgrass (Zostera marina) to solar radiation
(Fig. 6; Figs. 2 and 3 in V). During a 30 d
exposure to solar radiation the detrital
leaves bleached, but no bleaching was
observed in the non-exposed leaves (Fig. 6;
Figs. 4-5 in V). The leaves lost their
chlorophyll a already after an exposure of
<5 days to solar radiation (Fig. 6 in V) and
photobleached leaves were devoid of
pigments (Fig. 3 and Table 1 in V). Solar
radiation enhanced loss of organic matter
from the leaves (Fig. 7 and Table 2 in V).
The loss was caused mainly due to leaching
of dissolved organic compounds (Table 2
and Fig. 8 C in V) and to a small extent
due to fragmentation (Fig. 9 in V). Thus,
solar radiation alone decomposed detrital
leaves of eelgrass.
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Figure 5. The densities, the cell volumes, and the biovolume of bacteria during 4 d long
culturing in water of Lake Valkea-Kotinen. The lake water was sampled from two depths (0-1
m or 3-5 m) and <0.2 µm filtered. One half of the water was exposed to solar radiation for a
day (18 May 1995). The exposed (open symbols) and the non-exposed (closed symbols)
waters were spiked (10% vol./vol.) with <1 µm filtered water of Lake Valkea-Kotinen. Both
waters were cultured at 18°C in darkness. After 2 d of culturing the bacteria grew better in
the solar radiation exposed than in the non-exposed water. The response ratio during the 2-4
d of the culturing is found in each panel of the figure. A vertical bar over symbol shows the
standard deviation of the determination.
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Figure 6. Pieces of detrital eelgrass initially (0 d), after 30 d incubation in darkness and
after 30 d exposure to solar radiation.

To evaluate the impact of solar radiation
on a microbial biofilm, the sterile leaves
after solar radiation exposure were spiked
with indigenous microbes from the
sampling site (<GF/F filtered seawater
from Roskilde Fjord, Denmark). Microbial
activity was measured as the incorporation
of 14C-leucine into microbial macro-
molecules after 6 d of culturing in the dark.

Incorporation of 14C-leucine by the
microbial biofilm on leaf surfaces was 2-3
fold higher on the solar radiation exposed
leaves than on the leaves kept in the dark
(Fig. 10 in V). The result indicates that
solar radiation converted the detrital leaves
into a more suitable habitat for
development of a microbial biofilm.

Initial 0 d

30 d exposure
to solar radiation

30 d incubation
in darkness
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8. Discussion

8.1. The relative role of bacterioplankton
and photochemical mineralization

The microbial mineralization of organic
carbon in the epilimnion of a lake is the
sum of photochemical mineralization and
the respiration of plankton. Based on
simultaneous in situ measurements of the
DIC production by microbes, by the
plankton and by photomineralization over
three summer months, the contribution of
plankton to the mineralization of organic
carbon was >88% in the 2 m thick
epilimnion of the humic Lake Valkea-
Kotinen (61°N, Table 4 A). Granéli et al.
(1996) used similar methods during a single
summer day and showed that plankton
contributed 90 to 93% to the
mineralization of the total organic carbon
in the epilimnions of four Swedish lakes
(57°N). These lakes ranged from a clear (0
g Pt m-3) to humic water lakes (140 g Pt
m-3), and had epilimnetic depths from 1.5
to 7.5 m (Granéli et al. 1996). Reitner et al.
(1997) calculated from the rates of oxygen
consumption that 90% of the minera-
lization of DOC was due to bacterio-
plankton in the 1 meter deep brown
watered Lake Neusiedl (Austria, 47°N)
dominated by Phragmites australis stands.
The conclusion from this study, and those
of Granéli et al. (1996) and Reitner et al.
(1997) is that bacterioplankton, rather than
photochemical mineralization, dominated
the total mineralization of DOC in the
epilimnion of the boreal and temperate
lakes that have been studied.

8.2. Photomineralization and primary
production

The concentration of DIC was 0.2-0.3 g C
m-3

 in the surface of the lakes Valkea-
Kotinen and Lake Skervatjern during the
summer (I, II, Keskitalo et al. 1998). The
daily photochemical mineralization of DOC

doubled the concentration of DIC (Fig. 3 in
II, Figs. 1, 3-4 in I). The concentration of
DIC is a parameter in the determination of
primary production with the 

14CO2 method
(APHA 1998). If the doubling of DIC by
photochemical mineralization is ignored
during the determination of primary
production, the 

14CO2 method will
underestimate the primary production by a
factor of 0.5. The error is largest in the
surface of acidic humic lakes, where the
concentration of DIC is low and the rate of
photochemical mineralization high (I, II).

8.3. Photodegradation of vascular plant
detritus

The sterile detrital leaves of eelgrass lost
30% of their organic matter in 30 d after a
global radiation load of 870 MJ m-2, while
the loss in darkness was 10% during the
same period (Fig. 7 in V). Detrital leaves of
Phragmites australis lost 35% of dry
weight in non-sterile microcosms after the
global radiation load of ca. 900 MJ m-2

(Denward & Tranvik 1998). The loss in
dark microcosms was 25%, which is less
than in the microcosms exposed to full
solar radiation (Denward & Tranvik 1998).
The detrital leaves of Typha latifolia,
exposed to global radiation of ca. 470 MJ
m-2

 at the depth of 20-25 cm in a Talldega
wetland, lost 15 % of dry weight, and only
10% in the shade (Neely & Wetzel 1997).
Carbon budgets made for the decom-
position of eelgrass and of Phragmites
suggest that leaching of DOC accounted
for most (>85%) of the solar radiation-
induced mass loss from the leaves (Table 2
in V; Denward & Tranvik 1998).

Lignin is ubiquitous in vascular plants,
where it accounts for the structural
integrity of the plant (Eriksson et al. 1990).
Lignin is susceptible to photochemical
decomposition (Eriksson et al. 1990,
Opsahl & Benner 1993, III). Photo-
chemical decomposition of lignin possibly



Discussion

27

weakened the structural integrity of the
eelgrass and the Phragmites leaves, and
accounted for the solar radiation-induced
leaching of leaves (V; Denward & Tranvik
1998). The solar radiation induced leaching
transforms vascular plant detritus into a
dissolved form and makes it available for
planktonic bacteria (V; Denward &
Tranvik 1998). Our data and those of
Neely & Wetzel (1997) and Denward &
Tranvik (1998) suggest that photochemical
decomposition of lignin may mediate the
solar radiation enhanced mass loss in
detrital vascular plants.

8.4. Photodegradation of DOM and
bioavailability of photoproducts

The results of this study show that solar
radiation transformed the DOM of lake
water into biologically labile form and
increased thereby the microbial
mineralization of the DOC and bacterial
growth (Figs. 5-6 in IV). The methods
employed in this study (IV) included
irradiation of <0.2 µm filtered water,
subsequent spiking of the filtered water
with the lake water bacterial community
and the determination of bacterial growth
as biovolume and cell numbers during the
culturing. These methods have been
applied in other studies where the bacterial
growth was measured also as the
incorporation of radiolabelled thymidine or
leucine. Irradiation of DOM was found to
affect bacterial growth minimally (Reche et
al. 1998, Obernosterer et al. 1999),
positively (Strome & Miller 1978, Geller
1986, Lindell et al. 1995, Bushaw et al.
1996, Miller & Moran 1997, Bano et al.
1998, Obernosterer et al. 1999) or
negatively (Naganuma et al. 1996, Benner
& Biddanda 1998, Tranvik & Kokalj 1998,
Obernosteres et al. 1999). All these
contrasting aspects of solar radiation on
bacterial growth were observed in the work
of Obernosterer et al. 1999. Solar radiation
did not affect the incorporation of [3H]-
leucine in Caribbean water (Ober-nosterer

et al. 1999) whereas in the Straits of
Gibraltar and in the Aegean Sea solar
radiation increased the incorporation of
[3H]-thymidine in the mesopelagic water
(the depth of 200-350 m, possibly
dominated by recalcitrant DOM). The
opposite effect was observed when the
water was amended with a labile substrate
(protein). At the same geographic areas,
solar radiation was found to decrease the
incorporation of [3H]-thymidine in surface
water during the chlorophyll maximum
when labile algae-derived DOM possibly
dominated the bioavailable substrates for
bacteria (Obernosterer et al. 1999). Other
studies have found out that solar radiation
transformed DOM into recalcitrant form
when biologically labile substrates were
present during irradiation (protein,
Naganuma et al. 1996; or algae-derived
DOM, Benner & Biddanda 1998, Tranvik
& Kokalj 1998). Irradiation produced labile
substrates from DOM dominated by humic
substances (IV, Strome & Miller 1978,
Geller 1986, Lindell et al. 1995, Bushaw et
al. 1996, Miller & Moran 1997, Bano et al.
1998). Thus, the impact of solar radiation
on the bioavailability of DOM may depend
on the biological lability of irradiated
DOM. The results obtained from the
Finnish lake and some, but not all other
geographic areas suggest that in humic
waters solar radiation mainly transforms
DOM into a more bioavailable form (IV,
Strome & Miller 1978, Geller 1986, Lindell
et al. 1995, Bushaw et al. 1996, Miller &
Moran 1997, Bano et al. 1998).

Our results showed that in the surface (0-1
m) water of Lake Valkea-Kotinen, the
transformation of DOM by solar radiation
resulted in a two-fold increase in
respiration compared to the biomass
production, while no such effect was
observed in the non-exposed DOM (see
Figs. 4 and 6 in IV). These results suggest
that the growth efficiency of bacteria
grown in photochemically transformed
humic DOM was 50% lower than of those
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grown in the unmodified DOM. Miller &
Moran (1997) and Bano et al. (1998)
assumed that the bacterial growth
efficiency for the irradiated and the non-
irradiated waters in a salt marsh and in
Okefenokee Swamp, Georgia USA were
the same when they calculated microbial
mineralization of DOC by bacterial
secondary production. These calculations
may, however, have been biased due to
possible differences in the bacterial growth
efficiencies in irradiated and non-irradiated
waters.

8.5. Photochemical release of nitrogen and
phosphorus

Although photochemical reactions can
liberate nutrients (nitrogen and phos-
phorus) from organic compounds and from
colloids (Cotner & Heath 1990, Bushaw et
al. 1996), this has not been observed in all
studies (Fig. 3 in IV, Bertilsson et al.
1999), or at least the amount of phos-
phorus released was low (Fig. 2 in IV). The
so far identified organic photo-products are
devoid of nitrogen and phosphorus (Fig.
4). The C:N:P ratio found in the DOM of
Lake Valkea-Kotinen was far from that
found in the microbial biomass. It can be
deduced that if the photochemically
transformed DOM has the same C:N:P
ratio as the initial DOM, it can serve mainly
as a source for carbon, though not for
nitrogen or phosphorus, for the bacteria. In
agreement with this interpretation, the
photochemical produc-tion of organic
compounds devoid of nitrogen and
phosphorus, sometimes exceeded 10-fold
the secondary production of bacteria in the
surface water of lakes Fiolen and
Skärhultsjön (Bertilsson & Tranvik 1998).
Without nutrient amendment, the bacterial
production in the <GF/F-filtered water of
the humic Old Man McMullen Pond was
similar in the non-exposed water to that in
solar radiation exposed water for 32 to 196
h (or 27 to 279 mol of photosynthetically
active radiation, Reche et al. 1998). In the

presence of inorganic phosphorus and
nitrogen, bacterial production was
consistently higher in irradiated than in
non-exposed water (Reche et al. 1998).
Our observation that the bacterial
production did not always increase in the
irradiated water of Lake Valkea-Kotinen
(Fig. 4 in IV) is in agreement with the
results of Reche et al. (1998). However the
bacterial respiration was consistently higher
in the irradiated than in the non-irradiated
water (Fig. 5-6 in IV). The results from the
Finnish lake and those of obtained
elsewhere suggest that solar radiation leads
to a differential increase in respiration
compared to that of biomass production in
humic waters with low concentration of N
and P (IV; Reche 1998, Bertilsson &
Tranvik 1999 and Bertilsson et al. 1999).

8.6. Photodegradation of structural lignin:
implications for bacteria

In the water of Lake Valkea-Kotinen, solar
radiation increased microbial activity (Figs.
2-6 in IV). This was possibly caused by the
liberated nutrients and labile substrates for
microbes (Cotner & Heath 1990, Bushaw
et al. 1996, see Fig. 4 and references there
for labile substrates). The nutrient effects
can not explain the increased microbial
activity on leaves of the eelgrass, because
the leaves were transferred in the same
autoclaved <0.2 µm filtered water of
Roskilde Fjord prior to the measurement of
microbial activity. Photochemical
degradation of lignin may, however, have
enhanced the activity of microbes on the
leaves (Opshal & Benner 1993). The
structural integrity of the leaves
presumably collapsed upon loss of lignin
facilitating the fragmentation of the leaves
(Fig. 9 in V). These processes may have
promoted colonization of the leaves by
bacteria and intensified the contact between
bacterial enzymes and detrital
macromolecules.
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8.7. Net effect of solar radiation on the
decomposition of detritus

In this study, detritus was exposed to solar
radiation in the absence of detrivores. In
natural environments solar radiation will
affect also detrivores, either negatively or
in an unpredictable way (Table 1). Bacte-
rioplankton of Lake Valkea-Kotinen will be
exposed to solar UV-radiation only in the
top layer of 10 cm due to the high
absorptivity of the lake water (Figs. 2 and 7
in II). Consequently the negative effect of
solar radiation on bacterioplankton must
have been small in Lake Valkea-Kotinen. In
the marine littoral 10% of the surface UV-
B radiation may penetrate to the depth of
1.5 m and detrivores thus may be exposed
to high UV-radiation (Kuhn et al. 1999).
Maybe the detrivores in such marine littoral
are adapted to their environment and suffer
less than expected from the adverse effects
of solar UV-radiation (Rawlings 1996, Hill
et al. 1997). If this were the case, solar
radiation could enhance the decomposition
of DOC in a humic lake and aged vascular
plant detritus in the littoral zone.
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9. Conclusions

1. Planktonic micro-organisms were
quantitatively the most important minera-
lizers of DOC in a humic Lake Valkea-
Kotinen, Finland. During the summer,
microbes mineralized 45 mg C m-3

 d-1
 and

covered 88% of the total mineralization of
DOC in the 2 m deep epilimnion of Lake
Valkea-Kotinen.

2. During summer in Lake Valkea-Kotinen,
the rate of solar radiation induced
photochemical mineralization of DOC was
230 mg C m-3

 d-1
 at the depth of 1 cm. At

that depth, the rate of photochemical
mineralization of DOC was four times
higher than that of microbial minera-
lization of DOC.

3. In two humic lakes (Valkea-Kotinen,
Finland and Skervatjern, Norway) the
photochemical mineralization attenuated
steeply with increasing depth of the water
column. In Valkea-Kotinen, the vertical
attenuation of photochemical minera-
lization was similar to the vertical
attenuation of UV-A radiation, and most
(90%) of the photochemical mineralization
occurred in the top 10 cm of the water
column. Due to the steep attenuation, the
summer time photochemical minera-lization
covered only 12% of the total
mineralization of DOC in the epilimnion of
Lake Valkea-Kotinen.

4. The sensitivity of DOC to photo-
chemical mineralization varied in different
parts of the watershed of Lake Skervatjern.
The DOC flowing into the lake from the
catchment area was the most sensitive for
photochemical mineralization.

5. Solar radiation mineralized 19% of 14C-
labelled aromatic rings of 14C-[ring]-
labelled synthetic lignin (14C-DHP) to
DI14C and increased the water solubility of
14C-label. This occurred when the 

14C-DHP
was mixed to the water of Lake Valkea-

Kotinen and exposed to solar radiation for
7 d at the depth of 1 cm.

6. A novel method was developed for
determining the quantum yield spectrum
for the photo-chemical mineralization of

DOC (φλ) in Lake Valkea-Kotinen in situ.

The method describes φλ as c × 10-dλ,
where c (dimensionless) and d (nm-1) are
positive constants. The determination gave

a value of φλ of 7.52 × 10-0.0122λ based on
(1) the absorption spectrum of CDOM, (2)
the in situ measured photochemical
mineralization at the depth z and (3) the
solar spectrum of photon flux density at the
same depth. The quantum yields
determined in situ agreed with those
determined in the laboratory at single
wavelengths.

7. Applying a φλ of 7.52 × 10-0.0122λ in the
model resulted in a satisfactory prediction
of the photochemical mineralization rates at
the depths of 1-10 cm and in the whole
water column of Lake Valkea-Kotinen. The
modelling revealed that the UV-A part of
solar radiation mineralized DOC of Lake
Valkea-Kotinen most.

8. The microbial mineralization of DOC
was 2 to 5 fold higher in the water of Lake
Valkea-Kotinen exposed to solar radiation
for a day than in the non-exposed water
kept in darkness.

9. More dissolved phosphorus and nitrogen
were converted to particulate form in the
water of Valkea-Kotinen exposed to solar
radiation for a day than in the non-exposed
water kept in the dark during microbial
culturing. The nutrient dynamics indicated
an increased production of microbial
biomass in the solar radiation exposed
water. This result was supported by
microscopic data. The biovolume of
bacteria grown in the solar radiation
exposed water was 1.7 times higher than of
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those grown in the non-exposed water
kept in darkness.

10. Solar radiation alone decomposed
detrital leaves of eelgrass. The leaves lost
pigments and chromophoric matter during
30 d exposure to solar radiation. Solar
radiation enhanced the loss of organic
matter from the leaves and induced their
fragmentation.

11. The incorporation of 14C-leucine by a
microbial biofilm introduced on the detrital
leaves was 2-4 times higher following an
exposure to solar radiation compared to a
biofilm on leaves not-exposed to solar
radiation. Thus, the exposure of detrital
leaves to solar radiation increased the
activity of microbial biofilm on the leaves.
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