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Abstract

Low-molecular-weight organic acids (LMWOAS) in eutrophic lake water of Dianchi, Southwestern China Plateau were investigated
diurnally and vertically using ion chromatography. Two profiles (P1 and P2) were studied due to the difference of hydrochemical
features. Lactic, formic, pyruvic and oxalic acid were detected as major components at P1 and P2 which were on average 7.98 and
6.53 umol/L, respectively, corresponding to their proportions of 2.68% and 2.48% relative to DOC. Pyruvic acid was regarded as the
uppermost species at P1 and P2, reaching up to 3.82 and 3.35 umol/L and accounting for 47.9% and 51.3%, respectively, in individual
TOA. Although humus were of biogenetic production at both sites, the significant negative correlation between diurnal variations
of TOAs, fluorescence intensity (FI) of protein-like components and humic-like components at P1 indicated LMWOAs were greatly
originated from bacterioplankton excretion and degradation. However, correlations between diurnal variations of humic-like FI and
physicochemical parameters demonstrated algal origination of LMWOAs at P2. Although content of humus was high, TOA at P2 was
1.45 pmol/L lower than that at P1, due to the co-influence of more intense photo-oxidation and aggregation at P2. Therefore, TOAs
exhibited quite opposite diurnal variation trends of increasing-decreasing and decreasing-increasing at P1 and P2, respectively. Except
for impact of solar radiation, bacterial decomposition and assimilation rendered shifts of maximal LMWOAs along water column at
P1. Covering with massive algae, UV rays penetrated shallower depth that LMWOAs assembled in surface layer water before 18:00 at
P2 and represented decreasing profiles.
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Introduction

In general, DOM (dissolved organic matter) mostly
exists in form of humus (about 50%-90%) in lakes and this
part of DOM can reside in aquatic environment for a long
time and is difficultly to be biodegraded (Sondergaard and
Middelboe, 1995). Recent study suggested that terrigenous
humus did not accumulate significantly in oceans and
humic-like substances were more sensitive to photodegra-
dation (Mopper et al., 1991; Moran et al., 2000). Moreover,
bacterioplankton decomposed components of humus un-
der UV radiation and transformed part of carbon into
compounds of higher trophiclevel through microbic cycles
to stimulate productivity of ecosystem (Bushaw-Newton
and Moran, 1999; Brinkmann et al., 2003; De Lange et
al., 2003), mainly because photochemical reactions played
an important role in chemical and biological processes
in upper layer waters of sea and other water column
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(Morris and Hargreaves, 1997). Photochemical processes
were kind of catalytic mechanisms that modified the
chemical components even the bioavailability of natural
organic matter (De Lange et al., 2003; Christian and Lind,
2007). Previous publications have confirmed that carbonyl
compounds and low-molecular-weight (LMW) carboxylic
acids were important intermediate degradation products of
bioavailability, which were apt to be biologically assim-
ilated and degraded (Kieber et al., 1989; Mopper et al.,
1991; Dahlen et al., 1996). Bacteria employed extracellular
enzymes to cleave the macromolecules into monomers or
oligomers that were subsequently transported across the
cell membrane (Chrost and Siuda, 2006). The combined

photochemical-biological degradation proved to be more
important than the pure photochemical mineralization and
biodegradation of dissolved humic matdrials was enhanced
after photolysis (Tranvik et al., 1999). Dn the other hand,
low molecules, vulnerable to exploitjtion by microbes
were also removed by photooxidation, or consumed((by
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aggregation or condensation under UV radiation where
the number of enzymaticlysis sites decreased (Tranvik et
al., 1999; Lindell et al., 2000; Tranvik and Bertilsson,
2001). Moreover, during the formation of reactive interme-
diate induced by photochemical processes, some harmful
physiological effects on plankton were occured because
of enhanced UV-B penetration (Smith, 1992). Researchers
have increasingly realized that photochemical transfor-
mation of DOM was very important for global carbon
cycle, biogeochemical behavior of carbon and ecological
environment effect (Kieber et al., 1989; Moran and Zepp,
1997; Zhang et al., 2009). As an important intermediate,
sources of LMWOAs and their transformation mechanisms
during photochemical degradation bio-assimilation and
mineralization of DOC in lake aquatic environment needed
further investigation.

This study mainly aimed to discuss the origins and trans-
formation of LMWOASs under solar radiation in Dianchi
Lake water, content variation of organic acids in time-scale
and water depth, as well as the main influencing factors
in these processes. Moreover, the effects of photochem-
ical and biological reactions on biogeochemical cycles
of carbon in lacustrine ecosystems were the key issues
to speculate tentatively. In addition, environmental effects
during microbial processes mediated by UV radiation were
evaluated.

1 Sampling and analysis

1.1 Geographic location of Dianchi Lake

Dianchi Lake is the largest lake in southwestern Chi-
na with the geographic location of 102°36'-102°47’E,
24°40'-25°02'N and elevation of 1885.5 m. Dianchi situ-
ates in the center of Yunnan Province and southern suburbs
of Kunming City. The lake area is 300 km? and drainage
area of 2920 km?, with an average water depth of 4.4 m
and a largest water depth of 10 m, and the storage capacity
of 12.9 x 10® m3. Because many source rivers inflowed
and only one outflowed, Dianchi Lake had relative strong
closure and long water residence period which would
exacerbate retention and accumulation of nutriments in the
lake. With the development of social economy and popula-
tion explosion, pollution press to the lake was increasing
and the lake was seriously eutrophic since 70s of 20th
century, mainly because that pollutants loaded into the lake
was far greater than the water environmental capacity (Gui
et al., 2003).

1.2 Sample collection

Water samples were collected at 1.5 m intervals with
a Niskin water sampler in July 2008. Profiles 1 and 2 in
this limnetic ecosystem were chosen to sample and analyze
geographically locating at 102°45.7’E, 24°50.8'N for P1
and 102°40.004’E, 24°56.144’N for P2. These two sam-
pling sites were of weak hydrodynamic characteristic, and
sufficiently exposure to sunlight. In addition, P1 was com-
paratively far from effluent inlet sump and connected with
river as Luolong, Laoyu and Yangliu, with relatively low

algae and high water transparency comparing to P2 near
Haigeng. Thus, these different hydrologic characteristics
between P1 and P2 were conducive to obtain comparable
results. The sampling time-scale lasted 8 hr from 10:00
in the morning to 18:00 in the afternoon excluding the
nighttime due to restriction of field sampling conditions
and sampled every 2 hr. Water samples were immediately
filtered through pre-washed cellulose acetate membrane
filters and instantly determined various physicochemical
parameters as electrical conductivity (EC), alkalinity, pH,
dissolved oxygen (DO), temperature in the field. The
surplus were collected directly into an acid-cleaned, pre-
combusted brown glass bottles (550°C, 5 hr) and chilled
in fridge at 4°C to further detect LMWOAs, fluorescent
properties and DOC.

1.3 Experimental methods

Ion chromatography (IC) technology takes the advan-
tages of less injection amount of sample, low detection
limit, simple and rapid operation, good reproducibility,
simultaneous detection of multi low-molecular-weight or-
ganic acids (LMWOAs), overcoming the inconvenience
brought with other technologies. Ion chromatograph
(Dionex ICS-90 model, USA) was used in this study, and
the detector was a suppressed conductivity detector, an
TonPac®AS11-HC (4 x 250 mm) high-capacity column,
an TonPac®AS11-HC 4 mm protection column, an ASRS
automatically renewable suppressor and a Dionex RFC-
30 online eluent generator was used in the experiment.
Peaknet 6 software was used for data processing.

Catalytic oxidation was used to quantify DOC with OI
Analytical-TOC 1030 model analyzer (USA), and high-
grade purity of potassium hydrogen phthalate was taken
as standard substance with detection limit of 0.2 mg/L,
RSD less than 2% Hitachi F-4500 (Japan) model molecular
fluorescence spectrometer was used to scan threedimen-
sion excitation emission matrix fluorescence spectroscopy
(3DEEM). Acid standard solution titration was utilized to
determine alkalinity.

2 Results and discussion

2.1 Contents of organic acids and their contributions to
DOC

Generally, four main organic acids have been detected
in water of Dianchi Lake including lactic, formic, pyruvic
and oxalic acid. In a few samples, propionic, methane-
sulfonic, trifluoroacetic and sorbic acid were detected at
low micromole concentrations as well, but, due to their
inconsistent presence, these data were not presented here.
Samples for studying diurnal variation trends of LMWOAs
were collected from P1 and P2 in east-central and northern

Dianchi Lake. The organic acids inclugling lactic, formic,
pyruvic and oxalic acid were pervasive pnd concentrations
were on average 3.69, 0.42, 3.82, 0.05 umol/L, respectively
at P1. Pyruvic acid took the highegt proportion 48%
in total organic acid (TOA). The comtribution of TOA
relative to DOC averaged out to 2.68%, so that pyruvic
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acid also had the highest share of 1.33% in DOC. The
TOA was 6.53 umol/L at P2, and the concentrations were
2.55, 0.63, 3.35, respectively for lactic, formic, pyruvic
acid. Similar to P1, pyruvic acid at P2 also took the
highest proportion in TOA with 51%, and among the
total contribution of 2.48% relative to DOC, pyruvic
acid also shared the highest proportion with 1.36% in
DOC. More and more evidences suggested that preferable
bioavailability of high-molecular-weight organic matter
of high aromaticity and complicated structure in humic
lakes was conduced by photochemical processes (Moran
and Zepp, 1997; Bertilsson and Tranvik, 2000; Lepane
et al., 2003). It has been clarified that large amount of
carboxylic acids as oxalic, malonic, formic and acetic acid
were photochemically produced in humic lake Skarshult
and clear water lake Fiolen with TOA 1.55 and 1.54
umol/L, respectively, and acetic acid dominated in these
two types of lakes (Bertilsson and Tranvik, 1998). The
TOA values detected at P1 and P2 (7.98 and 6.53 umol/L)
were nearly five times of that in Skarshult Lake and Fiolen
Lake. The differences in content and species of organic
acids may be attributed to that the origins of organic
acid and abundance of precursors, DOM in Dianchi was
mainly autochthonous production from bacterioplankton
and algae, which reduced their bio-availability and ul-
teriorly inhibited microbial activity after solar radiation
(Tranvik and Kokalj, 1998). It was argued that bacterial
productivity decreased by 62%—-80% when exposed to so-
lar radiation, photochemical production rate of carboxylic
acids was relatively high compared to uptake and min-
eralization by bacterial assemblages with photochemical
yield one magnitude higher than bacterial conversion of
carboxylic acids (Bertilsson and Tranvik, 1998). Overall,
our monitoring time-scale was just limited to daytime
when fierce sunlight scattered on lake surface and or-
ganic acids accumulated significantly. However, DOM
in Skarshult and Fiolen Lake was mainly derived from
photodecomposition of allochthonous materials as plant
detritus that bacteria were stimulated much and the uptake
of organic acids was enhanced, resulting in less organic
acids in Skarshult and Fiolen Lake. In addition, Bertilsson
and Tranvic (1988) primarily focused on pure bacterial
cultivation where photo-degradation and bio-assimilation
of organic acids were more intense under extended expo-
sure to constant steady illuminant. In the bog lake water,
formic, acetic, pyruvic, oxalic, malonic and succinic acid
were identified as important photo-degradated products,
and their contribution to DOC rose from 0.31% before to
6.4% after 24 hr irradiation (Brinkmann et al., 2003). In
Dianchi Lake water, the highest contribution of LMWOAs
to DOC was at 12:00 with 4.11% at P1 and the contents
of LMWOAs and their contributions to DOC fluctuated
with prolonged exposure to solar UV light, not as did
in previous publication (Brinkmann et al., 2003) where
the proportions relative to DOC increased linearly within
hour radiation scale. The significant difference between the
results of bog lake and Dianchi lake water was probably
due to differentiation of radiation level in these two studies.
A stable and constant radiation source was utilized in

bog lake research, but transient and intense solar light
was amenable to less LMWOAS production and lower
contributions of LMWOAs to DOC in Dianchi Lake water.
A number of LMW carboxylic acids such as formic, acetic,
malonic and oxalic acid were photochemically produced
at high rates in research of photochemical transformation
of DOM in 38 Swedish lakes (Bertilsson and Tranvik,
2000). The combined photoproduction of these four com-
pounds ranged from 0.5 to 158.5 ug C/L, and formic
acid was the major photoproduct constituting on average
42.2% of the total photoproduced carbon retrieved in the
four quantified carboxylic acids, with the contribution of
them to DOC of 0.2%—-11.1% (av. 4.7%) (Bertilsson and
Tranvik, 2000). In this study, the total carbon content
of carboxylic acids ranged from 151.0 to 426.6 pg C/L,
pyruvic acid as the main species took up the average
proportion of 52.3% in the total carbon quantified in four
photoproduced carboxylic acids, with total carboxylic acid
several times higher than that reported by Bertilsson and
Tranvik (2000), and the proportions of main species in total
carboxylic acids were of the same order of magnitude be-
tween Dianchi Lake and the laky environments referred in
Bertilsson and Tranvik (2000). Contributions of LMWOAs
relative to DOC in Dianchi Lake ranged from 1.7%—4.1%
(av. 2.6%). The inherent property as UV absorbance of
DOM and extrinsic attributes as physicochemical param-
eters of surrounding water appeared to affect the complete
photochemical mineralization of the DOM, and the exist-
ing results showed that photodegradation of DOM in rivers
was strongly influenced by acidity (Wu et al., 2005). In
other words, these internal and external factors affected the
structure and speciation of organic matter. The large dif-
ferences of organic acids between Bertilsson and Tranvik
(2000) and our research were presumably related to differ-
ent parameters, which expounded a higher transformation
level of DOM to inorganic carbon in 38 lakes than that
in Dianchi Lake. Bertilsson and Tranvik (2000) concluded
that refractory DOC was more easily photomineralized
from oligotrophic humic lakes than from eutrophic lakes
with high algal production. It was speculated that higher
LMWOAs in Dianchi Lake probably resulted from its
relative oligotrophic characteristic in comparison with the
lacustrine environment referred in Bertilsson and Tranvik
(2000).

2.2 Diurnal variation trends of organic acids

Fluorescence index fis0/500 can be used as an indicator
to evaluate the sources of DOM (McKnight et al., 2001).
The values of fiso;s00 ranged from 1.44-1.81, mostly apt
to the end source of 1.9, revealing that DOM in Dianchi
Lake water was mainly biogenetically derived. rg p) at P1
and P2 were about 0.6 and 0.8, revealing that protein-like
fluorescence substances mainly originated from the same

sources, as algal excretion and decomposition of baterial
residues (Coble, 1996). As illustrated [in Table 1, NOM
was at a state of synthesis before 14:(J0, indicating solar
radiation affected organic matter in lphke water greatly,
beneficial to phytoplankton photosynthesize as well “as
humus photodegrade. DOM before 14:00 was replenished
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Table 1 Water quality parameters at profiles 1 and 2
Profile Time
10:00 12:00 14:00 16:00 18:00

pH P1 9.36 943 9.54 9.49 9.49

P2 8.55 8.99 9.02 9.21 9.20
DO (umol/L) P1 493.62 541.60 607.85 600.66 577.22

P2 331.11 491.91 538.94 633.63 587.22
EC (uS/cm) P1 384.25 382.25 382.75 382.25 383.75

P2 412.25 401.25 400.25 394.25 394.25
Aalkalinity (umol/L) Pl 1724.58 1727.10 1724.58 1815.48 1787.70

P2 1939.20 1903.85 1893.75 1812.95 1878.60
Temperature (°C) Pl 20.50 20.88 21.25 21.23 20.93

P2 20.80 21.55 22.33 22.18 21.65

DO: dissolved oxygen; EC: electrical conductivity.

continuous decomposition of POM. Bio-refractory organic
matter was sensitive to solar radiation, the photodegrada-
tion extent of DOM deepened with radiation intensifying
and time prolonging (Fu et al.,, 2006). In this study,
high-molecular-weight organic components was degraded
into low-molecular substances under solar radiation from
3DEEM of peak C because of stronger fluorescent effect
caused by lower molecular weight organic compounds
(Fig. 1). The lowest fluorescence intensity (FI) of peak
C was the result of maximal photodegradation of bio-
refractory humus.

FI of humic-like components diurnally varied in op-
posite correlations with that of protein-like fluorescence
(R*> = 0.75, P < 0.05), suggested that photodegradation
of humus stimulated bioactivity. It was confirmed in our
research that TOA was highest in the time scale of 12:00-
14:00 at P1, with the average concentration of 11.57
umol/L, whereas, the humic FI was lowest on average
217.73 a.u. and decreased sharply from 219.9 at 10:00 to

217.7 a.u. at 14:00. The significant negative relationship
(R* = 0.84, P < 0.01) between TOA and FI of humus
during the entire monitoring period indicated that organic
acids were the photo-degradated products from humus.
This result was in good concert with that of previous
publications (Dahlen et al., 1996; Herndl et al., 1997;
Bushaw-Newton and Moran, 1999). TOA tended to cumu-
late promptly from 5.25 umol/L at 10:00 to 12.15 pmol/L
at 12:00 and maintained a high concentration level of 11.57
umol/L (av.) within the time paragraph of 12:00-14:00.
Likewise, FI of protein-like peak B also accumulated to the
highest value at 14:00, which showed definite consistency
with the diurnal variation trend of TOA, further confirm-
ing that microbial activity fluctuated with abundance of
micromolecular substances and LMWOAs derived from
humus photodegradation promoted microbial activity. Car-
boxylic acids were major bacterioplankton substrates, and
the metabolic processes influenced distribution of these
carboxylic acids (Bertilsson and Tranvik, 1998), thus,
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Fig. 1 3DEEMs of surface water samples at different times in Dianchi Lake. A, C: fluorescent peak of fulvic-like, humig-like structures; BlD:

fluorescent peak of protein-like structures.
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bacterioplankton origination of LMWOAs predominated
in photochemical production of LMWOAs

LMWOAs were one category of multitudinous compo-
nents of bioavailability in DOC, but combining the analysis
of diurnal variation consistency between TOA and FI of
protein-like structure, it was proposed that LMWOASs con-
stituted the major fraction in bioavailable components. It is
similar to the results of Bertilsson and Tranvik (1998) that
LMWOAS constituted about 33% of DOM photoproducts.
It was deduced from the above narration that organic acids
originated from photodegradation of humus and greatly
interacted with bacterioplankton.

Although TOA decreased rapidly to 6.27 pwmol/L at
16:00 and subsequent 5.22 umol/L at 18:00, FI of humic-
like peak C increased rapidly after 14:00 and exhibited
a cumulative trends, which probably due to the photoag-
gregation of LMWOAs. Once the bioavailable organic
matter accumulated to a certain level, they might largely
polymerize after extensive exposure to solar radiation
(Obernosterer et al., 1999; Lindell et al., 2000). However,
DOC after 14:00 was degraded into inorganic carbon,
inferring that LMWOAs might also be photodegraded
directly into inorganic carbon other than the impacts of
photo-polymerization. Content of LMWOAs at midday
was 2 times of that in dusk time and showed a cumulative
tendency until 14:00, demonstrating that production of
LMWOAs from photodegradation of DOM had an ad-
vantage over their consumption by bio-assimilation and
photo-oxidation. And then, LMWOAs decreased sharply
mainly due to their direct photooxidation into inorgan-
ic carbon or photo-polymerization into macromolecular
bio-refractory compounds. During the whole monitoring
time-scale, formic acid was 8.4 times of oxalic acid
with the average concentrations of 0.42 and 0.05 pmol/L,
respectively. However, there was a significant negative
relationship (R*> = 0.88, P < 0.01) between the diurnal
variation trends of them. In cloud water, production and
release of pyruvic and fumaric acid were related to the
transformation of lactic and succinic acid by the influences
of micro-organisms (Amato et al., 2007). In Dianchi Lake,
formic acid increased with time, having the highest and
lowest contents of 0.48 and 0.35 umol/L at 18:00 and
16:00, respectively. Oxalic acid slightly decreased diur-
nally in reverse with formic acid (R*> = 0.89, P < 0.01),
suggesting that oxalic acid might act as the precursor of
partial formic acid.

It could be proposed that the algae at P2 was always
at photosynthesis until 16:00, and then it was degraded
largely. From various physicochemical parameters shown
in Table 1, DOC accumulated rapidly from 16:00 to 18:00.
The content of TOA at P2 decreased promptly from 8.75
umol/L at 10:00 to 5.1 umol/L at 12:00 (Fig. 2), which was
coupled with FI of protein-like peak B decreasing sharply
from 805 a.u. to 410.9 a.u., indicating that bioavailable
micro-molecular substances exerted an important influence
on bacterial activity. However, decreasing FI of humic-like
substances was accompanied by decrease of TOA during
this time interval instead of increase of TOA, indicating
that LMWOASs probably were directly photo-oxidized into
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—— TOA at P2
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—=— Pyruvic acid at P2
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2 L " " . . 2
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Fig. 2 Diurnal variation trends of total organic acid (TOA) and pyruvic
acid (Py™) in water of Dianchi Lake.

inorganic carbon morphology during photodegradation of
humus, which led to the lowest microbial activity. TOA
attenuated to the lowest 4.6 umol/L at 16:00 and then
increased rapidly to 8.85 umol/L at 18:00. FI of protein-
like substances rebounded to and maintained at a high
level after 12:00, indicated that influence of LMWOAS on
microbial activity was minor. FI of humic-like substances
decreased slightly with time, which was found in reverse
with pH and DO significantly (R> = 0.87, P < 0.01)
and in appreciable positive correlation with EC, dissolved
inorganic carbon (DIC) (R? = 0.83, P < 0.05), demonstrat-
ing that humus had much to do with photosynthesis and
degradation of algae, and humus was derived from algae
greatly. Photoproducts from photodegradation of humus
were recycled in photosynthesis of algae again. According
to Tranvik and Bertilsson (2001), LMW components of
algal origination were susceptible to photo-aggregation.
Therefore, it was deduced that relative low content of
LMWOAs 5.01 umol/L between 12:00 and 16:00 could
also be polymerization-related. Once photosynthesis of al-
gae attenuated and photodegradation enhanced after 16:00,
humus tended to increase, resulting from condensation
of LMW organic compounds of algal source under so-
lar radiation. LMWOAs increased rather than decreased
from 16:00 to 18:00, mainly because that their accumu-
lation from excretion and degradation release from algae
surpassed their loss caused by aggregation and photo-
oxidation. DOC increased constantly and positively with
the diurnal variation of Cl~ as time continued at P2 (R? =
0.91, P < 0.01), revealing that other than autochthonous
production of DOC, anthropogenic input affected DOM
as well. This influencing factor could not be excluded,

TTOA

which mlght contribute to signiﬁcant merease—of—TOA

from 16:00 to 18:00 at P2. Pyruvic aciq
decrease variation trends at both samp
It was reported that photochemical pi
vic acid was strongly coupled with

(Kieber et al., 1989; Mopper et al., 199
ments confirmed that direct photo-oxid

| exhibited gradual
ling sites (Fig. 2).
oduction of pyru-
ts bioassimilation
1). Kinetic expeti-
htion of LMWOASs



http://www.jesc.ac.cn

1254

Journal of Environmental Sciences 2011, 23(8) 1249-1256 / Min Xiao et al.

Vol. 23

occurred simultaneously during exposure to the irradiation
of ultraviolet rays, and alpha-oxo LMWOAs were more
amenable to these mineralization processes (Brinkmann
et al., 2003). The decreasing diurnal variation trend of
pyruvic acid at P1 was mainly related with bio-assimilation
into higher biomass and bio-mineralization into inorganic
carbon pyruvic acid at P2 was not only produced from
humus photodegradation and algal excretion, but also
consumed by photo-oxidation and aggregation. For formic
acid at P2, it increased firstly with the highest value of 0.73
umol/L at 14:00 and then decreased. It varied diurnally in
a significant positive correlation with HPO} (R* = 0.92,
P <0.01), indicating that they might be the photoproducts
of the same source materials in accordance with Moran and
Zepp (1997) who concluded that bio-labile photo-products
included LMW organic compounds and compounds rich in
N, P.

FI of humus at P2 was slightly higher than that at P1, but
TOA was 1.45 umol/L lower at P2 than P1, which was also
inconsistent with maximal degradation of humus that the
FI reduced by 10.3% at P2 and 5.3% at P1. The outcome
was mainly because that excessive photochemical miner-
alization and aggregation predominated in consumption of
organic acids at P2. Apparently, microbial biomass was
not so abundant as P1 from FI of protein-like substances,
following the result of Jones (1998), where presumably
differentiation of community structure became another
important ingredient resulting in great consumption of
LMWOAs. FI of protein-like peak at P1 was 2.4 times
of that at P2, mainly because that the decisive stipulation
factors responsible for organic acids production differen-
tiated largely, further demonstrating that photodegradation
of algae-derived DOC inhibited bacterial growth (Benner
and Biddanda, 1998; Obernosterer et al., 1999; Lindell et
al., 2000). NO3~ was the important influencing factor on
degradation of organic acids and higher NO3~ could lead
to lower LMWOASs (Brinkmann et al., 2003). NO3~ as
photosensitizer was seven times higher at P2 than that at
P1 and took responsibility for the lower LMWOAs at P2 in

TOA 90 (umol/L) TOA, . (umol/L)

Dianchi Lake water. As referred in Bertilsson and Tranvik
(2000) that less eutrophic auqatic environment at P1 should
account for the higher content of LMWOAs than that at
P2. In conclusion, different origination and discriminatory
influencing factors were decisive during kinetic processes
of production and consumption of LMWOAs. It was sug-
gested that the content level of organic acid was markedly
related to photochemical formation of LMWOAs from
humus and algal release, biotic assimilation and abiotic
mineralization, rather than content of humus.

2.3 Profile variation trends of organic acids

The highest content of TOA at P1 at 10:00 was 6.99
umol/L, appearing at 3 m water depth. Profile of TOA at
this moment was in accordance with FI of protein-like peak
(Fig. 3), indicating that mutual effect between LMWOAs
and microbes was relatively significant in whole water
column during the early stage of phytoplankton photo-
synthesis. Although most LMWOAs was directly derived
from humus photodegradation, contribution from bacteri-
oplankton excretion and biomass decomposition itself to
LMWOASs at 10:00 in ultraviolet rays transmissive region
in this shallow water lake shouldn’t be ignored.

Profile of DOC at 14:00 was similar with that of TOA,
with highest contents of 959.8 umol C /L and 22.5 pmol/L,
respectively at 3 m depth, showing the same influencing
factors regulated DOC and TOA in the water column. Both
TOA and DOC were subjected to strong solar radiation and
microbial activity in surface water and maximums of them
transferred downward. TOA at 18:00 tended to increase
along the water column down with the highest content
10.55 umol/L at 3 m water depth, and TOA was consistent
with FI of humic substances in profile trends, revealed that
under attenuating solar radiation, production of LMWOAs
was mainly dependent on photodegradation of humus
and decrease of chromophoric dissolved organic matter
in surface water was conducive to deeper penetration of
UV rays. Bertilsson and Tranvik (1998) concluded that
photochemical cleavage of macromolecules was perhaps
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Fig. 3 Profile variation trends of total organic acid at P1 at different time. FIg, Flc: fluorescent intensity of protein-like, hujnic-like substances.
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Fig. 4 Profile variation trends of total organic acid at P2 at different time. Flg: fluorescent intensity of protein-like substances.

assisted by bacteria after strong radiation. TOAs at 12:00
and 16:00 both exhibited a decreasing profile with highest
contents of 16.43 umol/L and 7 wmol/L at 2 m depth,
mainly because that bio-assimilation was intense at 12:00
in bottom water from the FI of protein-like peak. Photo-
oxidation receded since 14:00 and maximal TOA shifted
upwards at 16:00 relative to 18:00.

TOA all decreased with depth before 18:00 at P2
(Fig. 4), because LMWOASs was mainly at photosynthesis-
based stage of algae in most of the day that slight
transformation from POM to DOC and fast photo-
oxidation of organic acids both resulted in slow diffusion
of LMWOAs downwards. Otherwise, massive algal sub-
stances just permitted ultraviolet rays to penetrate into
shallow water layer, which resulted in an intensive decom-
position of humus and higher LMWOAs focusing at upper
layer water. Furthermore, organic acids were mainly algal
source that the highest contents of TOA all concentrated
in surface water where algae enriched in. In addition, it
was also found that profile variation trend of TOA at 14:00
correlated positively with that of DOC (R> = 0.99, P <
0.01) (Fig. 4), with the highest contents of 8.4 pwmol/L
and 840 umol C/L in surface layer under strong solar
radiation, respectively, revealing that they resembled in
influencing factors and sources at this moment, mainly
derived from excretion and decomposition of massive
algae and gradually decreased with water depth (Fig. 4).

Unlike the above profile trends, TOA at 18:00 was
highest with 19.01 umol/L at 3 m water depth, quite
reverse to profile trend of FI of protein-like substances
(R*> = 0.97, P < 0.01), indicating that algal excretion and
decomposition made a good contribution to production
and cumulation of LMWOAs at this profile depth with
the assistance of anaerobic bacteria. LMWOAs increased
with reduction of microbial productivity down the water
column.

3 Conclusions

Two water column (Pl and P2) samples with dif-
ferent trophic characteristics were collected for analysis
of variations of LMWOAs in Dianchi Lake, Southwest
China. The results showed that macromolecular weight
humus and phytoplankton were considered as the initial
photochemical sources of bio-available substrates in the
Lake. LMWOASs were predominantly influenced by bio-
logical behavior at P1, whereas, they were mainly related
to metabolic mechanism of algae at P2. Simultaneously,
bio-assimilation and mineralization, photo-oxidation and
aggregation mainly caused consumption of LMWOAs at
these two sampling sites. Different sources and impact
factors resulted in contrasts of content and diurnal vari-
ations of LMWOAs. Besides, shallower penetration of
ultraviolet rays at P2 became the main controlling factors
in profiles of LMWOAs. Environmental effects stemed
from photoproduction of LMWOASs were mainly reflected
in differentiation of microbial activity and depth of ultra-
violet rays penetration, distribution patterns, structure and
morphology of compounds, except for the influences on
carbon cycle flux in lakes.

This research on sources of LMWOAs and their in-
fluencing factors during solar radiation provided basic
theoretical foundation and scientific proof for sunlight
penetrating into lake water, as well as for research of
the influenced microbial activity by radiation. The results
had important environmental implications, particularly for

planktonic-web-food. The dynamic res¢arch of L MWOAS
in various laky ecosystems should n¢t be ignored and
needs further investigation.
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