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Abstract: The photoalteration of dissolved organic matter (DOM) produced in differ-
ent growth phases of the blue-green alga, Microcystis aeruginosa, was investigated by
comparing the biodegradability and distribution of fractions of algal DOM after differ-
ent ultraviolet (UV) treatments. The distribution of DOM-fractions (based on hydro-
phobic-hydrophilic and acidic-basic breaks) showed that two of the fractions, hydro-
philic acids (HiA) and bases (HiB), were more abundant in all growth phases of M.
aeruginosa than the other three fractions, hydrophobic acids (HoA), hydrophobic neu-
trals (HoN), and hydrephilic neutrals (HiN). The proportion of HiB increased, while
the HiA fraction decreased with aging of the algae. After UV treatment, all algal DOM
became recalcitrant to bacterial degradation without complete photo-degradation. This
was more pronounced in DOM from older cultures (stationary phase) as compared to
DOM from the exponential growth phase. The DOM distribution was also signifi-
canfly different after UV exposure, implying photoalteration to the chemical composi-
tion of algal DOM. The proportions of the HiB fraction decreased as a percent of the
total dissolved organic carbon pool by 1.5-8.1% after UVA treatment and by 5.3-
158 % after UVB treatment. In contrast, the HiA fraction increased by similar
amounts. Analyses of fluorescent properties and some carboxylic acids confirmed the
changes to the HiB and HiA fractions. However, the increased HiA fraction may not
be linked to the recaicitrance of algal DOM after UV exposure, since there was no dif-
ference in the biodegradability of this fraction before and after UV treatments. The ini-
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tially labile HiB fraction, however, became less available to bacteria after UV expo-
sure depending on intensity and thus may be linked to the recalcitrance of algal DOM
after UV exposure. Our results confirm earlier reports that algal DOM can be changed
in its chemical composition as well as biodegradability by UV radiation, and suggest
that the HiB fraction may be important in the formation of recalcitrant algal DOM.

‘Key words: algal DOM, growth phase, UV effects, photoalteration, biodegradability,
chemical composition.

Introduction

Dissolved organic matter (DOM) can play a major role as a source of carbon
for heterotrophic bacteria in freshwater ecosystems (WETZEL et al. 1972,
AMoN & BENNER 1994, CARLSON et al. 1994, LAMPERT & SomMER 1997,
WeTZEL 2001). There are two major sources of DOM in lake waters: alloch-
thonous, ie. derived from the catchment area, and autochthonous, ie. pro-
duced within lakes. Allochthonous DOM is composed of primarily terrestrial
humic substances (HS) which are recalcitrant to bacterial degradation, while
autochthonous DOM is composed of relatively more labile compounds
(MunsTER & CHrOST 1990, WETZEL 2001). In most lakes, where allochtho-
nous material is the dominant DOM source, most of the pool is comprised of
recalcitrant DOM (WETZEL 2001). However, even in eutrophic lakes and
oceanic waters, where the majority of DOM is autochthonous, much of the
DOM pool is resistant to microbial degradation (SGNDERGAARD & MiIDDEL-
BOE 1995, CHoI et al. 2001). .

Recent studies have noted that autochthonous DOM can be transformed
into recalcitrant forms, without complete degradation to CO,, after exposure to
UV radiation, implying that photoalteration is manifest in chemical character-
istics (TRANVIE & KokaLr 1998, Pausz & HERNDL 1999, OBERNCSTERER &t
al. 2001). However, there is little information on the changes induced by UV
radiation in the chemical characteristics of autochthonous DOM and, thus, a
relevant approach to evaluating photoalteration of algal DOM is needed. The
first step may be to separate DOM into well-defined macromolecular fractions
and to compare their distribution before and after UV exposure.

In pelagic waters, one of tlie most important sources of autochthonous
DOM is extracellular organic matter (EOM) released from phytoplankton,
This EOM may occur as a result of active excretion of photosynthetic products
and/or leakage from senescent and dead algal cells, and its chemical composi-
tion varies with the physiological state of the algae (NALEWAIKO & LEAN
1972, Suarp 1977, FocG 1982, CHrost & Faust 1983, Hama & Hanpa 1987,
Baines & PACE 1991). It therefore seems reasonable to consider the physio-
logical state of the algae in an examination of photoalteration of algal DOM.
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The objective of this study was to examine the photoalteration of algal
DOM produced from different growth phases of Microcystis aeruginosa by
comparing the biodegradability and distribution of DOM-fractions, before and
after UV exposure. The algal DOM was fractionated into five classes: hydro-
phobic acids, hydrophobic neutrals, hydrophilic acids, hydrophilic neutrals,
and hydrophilic bases, using three kinds of resin adsorbents. To confirm the
changes in the distribution of these fractions after UV exposure, we also ex-
amined their fluorescent properties and some of the organic acids of . algal
DOM. A bacterial degradation test was used as a measure of biodegradability
of the algal DOM.

Materials and methods

Preparation of algal DOM |

To obtain the algal-derived DOM, an axenic culture of M. aeruginosa (NIES-843), iso-
lated from Lake Kasumigaura (Japan), was grown in ten litre (101) polycarbonate bott-
les at 25 °C and about 50 WEm~%/s™ under a 12h: 12h light/dark cycle on CB medium.
The culture was stirred by air bubbles from a pump equipped with a 0.2 um sterilising
filter. Since the standard CB medium contains a high concentration of organic carbon,
we modified the medium by substituting K,;HPO, for B-glycerophosphate and
NaHNO, for Tris buffer. The concentration of dissolved organic carbon (DOC) in the
medium after inoculation was below 0.5mgl™.

To determine the growth phases of the culture, its optical dens1ty (OD) was meas-
ured with a Shimadzu UV-2500 UV/VIS spectrophotometer at a wavelength of 550 nm
using a 1cm long quartz cell. The growth period was divided into one exponential and
two stationary phases. When OD doubled within 24 h, growth was considered to be ex-
ponential (Phasel’on day 7), and the following stages, in which OD remained more or
less constant, were considered to be staticnary phases (Phase I on day 10 and Phase Il
on day 13). In each growth phase, cultures were collected and then filtered through
pre-combusted (450 *C for 4 h) Whatman GF/F glass-fibre filters. The filtrates were
used as the source of algal-derived DOM.

UV treatments

For the UV treatments, triplicate 400 ml sub-samples of filtrate were transferred to
500-ml quartz tabes with silicon stoppers penetrated by three glass tubes. To estimate
the effect of different UV radiation levels on the algal DOM, two artificial UV lamps
‘were used throughout the experiments. UVB treatment (2.4 W/m® of UVB and 2.0 W/
m? of UVA) was provided using two Philips TL 40 W/12RS lamps with a wavelength
" range of 280 to 400 nm (maximum emission: 300 nm). UVA treatment (13.6 W/m? of
UVA) was provided using four Q-Panel UVA-340 lamps (wavelength range: 300 to
400 nm, maximum emission: 340 nm) and UVB cutting film with zero transmission at
" 320 nm (C. I. Kasei, Japan). The quartz tubes containing the filtrate were irradiated for
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24 h at 25°C under the two different UV regimes. Sub-samples (20 ml) for analyses of
DOC and fluorescence were taken at 2, 6, 12 and 24 h. All incubation during the UV
treatments was conducted under sterile conditions by using a 0.2 um sterilising filter.
UV radiation was measured with a radiometer (MI-340 UV meter, Eikoseiki, Japan),
equipped with a UV-A sensor (316400 nm) and a UV-B sensor (280—315am).

Biodegradability experiments

The biodegradability of the algal DOM before and after UV exposure was quantified
through a series of microbijal degradation experiments. Before and after UV exposure a
portion (200 ml) of each algai DOM sample was poured into pre-combusted 300-ml
glass bottles (550 °C for 4h), and 1 ml of bacterial concentrate was added to give an
initial bacterial count of around 10° cells/ml. Water for the bacterial inoculum was col-
lected from the hyper-entrophic Furnike Pond, Japan. The bottles were then incubated
in darkness at room temperature {ca 20 "C) for five days. Sub-samples (10 ml) for DOC
determination were collected from the bottles after 0, 1and 5days. The biodegradabil-
ity experiments were performed in triplicate.

DOM fractionation

Before and after the UV treatment and the biodegradation tests, the DOM samples
were fractionated into five classes: hydrophobic acids (HoA), hydrophobic neutrals
(HoN), hydrophilic acids (HiA), hydrophilic bases (HiB), and hydrophilic neutrals
(HiN), based on their adsorption on to a series of macroporous resin adsorbents. The
original fractionation method described by LEENHEER (1981} produced six fractions,
including hydrophobic bases (HoB), but we disregarded the HoB fraction since it is
known to be very small (Imar et al, 1998).

Nonionic Amberlite XAD-8 resin (20—60 mesh), strong cation exchange resin
(Bio-Rad AG-MP-50, 50100 mesh), and strong anion exchange resin (Bio-Rad AG-
MP-1, 50-100 mesh) were used for the fractioration. The column capacity factor, k',
for separating hydrophobic acids through the XAD-8 resin column was 50. Appropri-
ate classification of organic compounds according to the DOM fractions is listed in Ta-
ble 1 (LEENHEER 1981, THURMAN 1985).

The XAD-8 resin was cleaned and conditioned as described by THURMAN & MarL-
coLM (1981). Three millilitres (3 ml wet volume) of the XAD-8 resin was packed into a
glass column and rinsed three times, alternating from 0.1 M NaOH to 0.1 M HCI, just

Table 1. Classification of organic solutes for dissolved organic carbon (IEENHEER
1981, THURMAN 1985).

Fraction Solute compound classes

hydrophobic acids (HoA) humic substances (humic and fulvic acids)
hydrophobic neutrals (HoN)  hydrocarbons, carbonyl compounds

hydrophilic acids (HiA) carboxylic acids (fatty and hydroxyl acids), sugar acids
hydrophilic bases (HiB) protein, amino acids, aminosugars

hydrophilic neutrals (HilN) oligosaccharides, polysaccharides
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before application of the sample. A blank sample was collected in the final rinse with

0.1M HCI (B1). Both AG-MP-50 (hydrogen-form) and AG-MP-1 (chloride-form) re-

sins were Soxhlet-extracted with methanol for 24 h. AG-MP-1 was then converted into
the free base-form with 1 M NaOH and rinsed with Milli-Q water (Milli-Q SP. TOC,

Millipore). Glass columns containing 6 m! (wet volume) of the cation exchange resin

and 12ml (wet volume) of the anion exchange resin were connected in series and con-

ditioned by pumping about one litre of Milli-Q water through the resins. Blank sam-

-ples (B2 and B3) were collected from each column after conditioning,

The flow scheme of the DOC fractionation procedure was as follows (IMAI et al.

1998). :

Stepl: Acidify filtrates (DOCI) to pH 2.0 with 6 M HCI, pass 200ml of the filirate
through the XAD-8 column by a peristaltic pump with Tygon tubing at a flow
rate of about 1ml/min, and rinse the column with 1-2 bed volumes of 0.1M
HCL

Step2: Elute the column in the reverse direction with more than 3 bed volumes of
0.1M NaOH at a flow rate not exceeding 0.5 mI/min (DOC2), and measure the
elutant volume, ' .

Step3: Pump the effluent from the XAD-8 column (DOC3) through a series of cation-
anion resin columns at a flow rate of about I mU/min, and after pumping 1-2
bed volumes of the sample, collect elutant samples from the anion resin col-
umn (DOCS5) and then from the cation resin column (DOC4).

DOC fractionation was performed in duplicate. After the fractionation, DOC was
measured for DOCs 1-5 and for the blank samples. Each DOC fraction was calculated
as follows:

HoA = DOC2 X (elutant volume)/(sample volume) (4))]
HoN = (DOC1-B1)-HoA -D0OC3 2
HiE = (DOC3 -B1)—(DOC4 —~B2) (3
HIA = (DOC4-B2)- (DOCS5-B3) : 4
HiN = DOC5-B3 5

In order to examine the recovery efficiency of the DOM fractionation method, the
relative standard deviation (RSD) of the duplicated measurement for each fraction was
estimated according to Standard Methods (APHA 1998). The RSD values were less
than 10 % for the determination of the HoA, HiA and HiB fractions and 20 % for the
HoN and HiN fractions.

Chemical analyses

Some carboxylic acids that were found to be major products formed during UV expo-
sure {BERTILSSON & TRANVIK 1998, WETZEL 2000), were analysed on 2 capillary ion
electrophoresis (CIE) system (Quanta 4000E, Waters). Two millilitres of each algal
DOM sample were collected in polypropylene vials and 20 ul of octansulfonate was
added to a final concentration of 70 uM to obtain isotachophoretic conditions during
the electromigrative sample introduction (30 s at 5kV). Duplicate sub-samples of
0.5ml were added to polypropylene vials for analysis. A 60 cm fused silica capillary



276  Kwangsoon Choistal.

(75 pun inner diameter), and a 100 mM sodinm boric acid buffer containing 0.5 oM of
an electro-osmotic flow modifier (OFM-BT, Waters) were used for the analysis. A sep-
aration voltage of 10kV was applied and detection of carboxylic acids was accom-
plished by indirect UV detection at 185 nm. Standard curves (103500 g/} were made
for the three carboxylic acids (oxalic, formic, and acetic acids) detected.

Fluorescence can provide rapid and sensitive analysis of DOM, such as humic-type
and protein-like DOM (MAYER et al. 1999). In the present study, we measured the
fluorescence at 270/350 nm of excitation/emission because the excitation/emission
wavelength is used as an index of protein-like DOM in natural water and phytoplank-
ton exudates (MAYER et al. 1999, FukusaMA et al. 200%). A fluorescence spectropho-
tometer (Shimadzu RF-5300 PC) equipped with a 150 W Xenon lamp was used for the
fluorescence measurements. The fluorescence of Milli-Q water was used ag a blank.

DOC was measured as non-purgeable DOC with a Shimadzu TOC-5000A total or-
ganic carbon analyser equipped with Pt catalyst on quartz wool. Triplicate measure-
menis were made for each sample and analytical precision was within 1% of the coef-
ficient of variance. Potassium hydrogen phthalate (Kanto Chemical Co., Tokyo) was
used as the standard,

Results

Photoalteration of algal DOM produced from M. aeruginosa

Exposure to UV radiation made no significant changes to the amounts of dis-
solved organic carbon (DOC) in the DOM produced from different growth
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Fig. 1. Changes in DOC concentrations of algal DOM exposed to UV for various
lengths of time (Phase I: exponential growth phase on day 7, PhaseI: stationary phase
on day 10, PhaseIl: stationary phase on day 13). Error bars represent the standard
deviation of the mean of triplicate treatment flasks (Errors less than the size of the
symbols are not shown). :



Photoaltsration and biodegradability of algalDOM 277

3 Phase | 8 Phase il 12 Phase Iil

DOC cancentration (mg I'")
[
1
-y [+
I 'I
[++]
1

Time (d) Time (d) Time (d)

—O— no treatment
—0— UVA freatment
—e— UVB treatment

Fig. 2. Decomposition curves for algal DOM obtained from different growth phases
and after UV treatment. Error bars represent standard deviations of means of triplicate
{reatment flasks (Exrors less than the size of the symbols are not shown).
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Fig. 3. Fractions of DOM released by M. aeruginosa in different growth phases (HoA:
hydrophobic acids; HolN: hydrophobic neutral; HiB: hydrophilic bases; HiA: hydro-
philic acids; HiN: hydrophilic neutrals). Error bars represent standard deviations of
means of duplicate fractionation for each fraction.

phases of M. aeruginosa. Levels remained constant at 2.61 + 0.0 mg/l in
Phasel, 575 + 0.05 mg/l in Phase IT and 10.53 £ 0.07 mg/l in Phase I (Fig. 1).
In contrast, exposure to UV made a considerable difference to the biodegrad-
ability of the algal DOM (Fig. 2). Biodegradability decreased after exposure,
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depending on the UV treatment, and the decrease was largest in the cldest cul-
.ture. For example, the microbial degradation (for 5days) of the DOM from
growth phase IIT decreased by up to 17.4 % after UVA treatment and by 21.1%
after UVB treatment, when compared to no UV treatment.

DOM-fraction distribution of algal DOM

Hydrophilic fractions of the DOM predominated in all growth phases of M.
aeruginosa (Fig. 3). In particular, the HiA fraction was found to be the most
abundant in all growth phases, representing 62.6-70.7 % of the algal DOM.
The HiB fraction was the second most prominent, accounting for 7.2-23.2 %.
Thus, the HiA and HiB fractions are likely to be the most significant fractions
produced by M. aeruginosa. With aging of the algae, the proportions of the
HiB fraction increased, while the HiA and HiN fractions decreased. The hy-
drophobic fractions (HoA and HoN) were consistently a minor proportion of
the total in all growth phases, together accounting for less than 13 % of the
.algal DOM.

After exposure to UV radiation, however, the composition changed de-
pending on the growth phase and the UV treatment (Fig.4). The proportions of
the HiB and HiA fractions were considerably changed compared to the other
fractions. In all growth phases the proportion of the HiB fraction decreased
after UV exposure (by 1.5-8.1% after UVA treatment and by 5.3-15.8 % after
UVB freatment). In contrast, the HiA fraction increased by as much as the de-
crease in the HiB fraction after UV exposure (by 4.7-8.7 % after UVA. treat-
ment and 9.3-16.3 % after UVB treatment). The changes in proportions of the
two fractions after UV radiation increased with the age of the culture.

Evidence of photoalteration in two fractions, HiA and HiB, of algal
DOM

To clarify the changes in the two fractions (HiB and HiA) after UV exposure,
we measured the fluorescence at 270/350 nm, as an index of protein-like DOM
for the HiB fraction, and several carboxylic acids for the HiA fraction.

The fluorescence (at 270/350 nm) of the algal DOM (whole DOM before
fractionation) was high in Phase ITT (1.61) and low in PhaseI (0.13) (Fig. 5 a).
After exposure to UV, the fluorescence declined exponentially with UV expo-
sure time in all growth phases, and the decrease was marked in Phase IT] after
UVB treatment (Figs. 5a,b).

Three carboxylic acids (oxalic, formic and acetic acids) were detected in
all the growth phases of M. aeruginosa (Fig. 6). Oxalic acid occurred in low
concentrations (below 10 pg/l in all phases) and showed little variation with
the age of the culture. In contrast, formic and acetic acids had relatively high
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treatment (HoA: hydrophobic acids; HoN: hydrophobic neutral; HiB: hydrophilic
bases; HiA: hydrophilic acids; HiN: hydrophilic neutrals). Error bars represent stand-
ard deviations of means of duplicate fractionation for each fraction.
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Fig. 5. Changes in fluorescence at 270/350 nom (Ex/Em) of algal DOM exposed to UV
for various lengths of time; (a) for growth phasesI, II and IIT after UVA treatment, (b)
for PhaseIII algal DOM after UVA or UVB treatment. Error bars represent standard
deviations of means of triplicate treatment flasks (Errors less than the size of the sym-
bols are not shown).

concentrations (33-226 ug/l and 18-206 pg/l, respectively), and increased
greatly with the age of the culture (see white bars in Fig. 6). After UV treat-
ment, the three carboxylic acids greatly increased in all the DOM sources, in-
dicating photochemical production of carboxylic acids from algal DOM. The
increase in carboxylic acids was higher after UVB treatment than after UVA
ireatment in samples from all growth phases. For example, compared to no
UV treatment, acetic acid increased up to 72 g/l after UVA treatment and up
to 153 ng/l after UVB treatment in PhaseII.

Decreased biodegradability of HiB fraction after UV treatment

A different biodegradability (measured as the perceatage of DOC utilized
compared to the initial DOC in the fraction) was observed in the HiB fraction
after UV treatment (Fig. 7). The HiB fraction produced by M. aeruginosa was
initially very labile to bacterial degradation, showing a high biodegradation of
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treatment flasks.
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81.6 + 5.6 % over 5 days. However, this biodegradability decreased signifi-
cantly after UV treatment (p = 0.009 for UVA treatment and p = 0.007 for
UVB treatment by paired t-test), and the decrease was greater in the UVB
treatment than in the UVA treatment (74.7 + 4.6 % after UVA treatment and
60.8 £ 2.3 % after UVB treatment). On the other hand, there was no difference
in biodegradability of the HiA fraction between before and after UV treat-

ments (Fig. 7). :

Discussion

It is well known that UV radiation can alter the DOM pool by causing com-
plete degradation into CO;, and by cleaving the DOM into smaller and more
labile molecules, enhancing bacterial activity (MILLER & Zrpr 1995, WETZEL
et al. 1995, AMonN & BENNER 1996, MoRaN & ZEPP 1997, GARDNER et al.
1998, KiEBER et al. 1999, WeTzEL 2000). However, the extent of photochemi-
cal transformation of DOM into CO, shows a wide range from 0 to 60 % in
many natural waters (WIEGNER & SEITZINGER 2001). Clear photo-oxidation
has been observed only in waters containing high levels of humic substances
(HS), but with no or little algal DOM. Complete photo-oxidation may be lim-
ited to allochthonous DOM, high in HS, because HS strongly absorb short
wavelength light (FRIMMEL 1994), and most HS are not derived from algae but
rather higher plants (WETZEL 2001). In addition, recent studies have shown
- that initially labile algal-derived DOM becomes more recalcitrant after UV ex-
posure (TRanvik & Korary 1998, Pausz & HernpL 1999). These studies
found that microbial activity in DOM which had been exposed to UV was in-
hibited by 15 to 20 %, while the loss of DOC was less than 1% during UV ex-
posure. Research to date has shown that the effects of UV radiation depend
largely on the DOM source as well as the light source and length of exposure.
In the present study, all the algal DCM produced from different growth phases
of M. acruginosa was transformed into more recalcitrant forms after UV expo-
sure without photo-oxidation (Figs. 1 and 2). These results confirm several re-
cent findings on the decreased biodegradability of algal DOM due to UV ra-
diation, and indicate that these findings are common in algal DOM.

Furthermore, there was a difference in the distribution of DOM-fractions
after UV exposure, especially in the two major fractions (HiB and HiA) of
DOM produced by M. aeruginosa (Fig. 4), reflecting photoalteration in the
fractional composition of algal DOM as well as the biodegradability. The
. changés in the two fractions after UV radiation were clear in the oldest cul-
ture. After UV exposure, the HiB fraction decreased, while the HiA fraction
~ increased by as much as the decrease in HiB. In contrast, THOMAS & Lara
(1995) showed that algal DOM was not changed in chemical composition or
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concentration after UV exposure. The difference between their results and
ours may be due to the sources of algal DOM used in the two studies. We used
freshly produced algal DOM, while the DOM used by THOMAS & Lara
(1995) had been aged in the presence of bacteria for 8 months. During this
long incubation, bacteria would utilise initially labile constituents that could
be changed by UV radiation. Thus, initially labile DOM was not involved in
their experiments despite the fact that they are important fractions of algal
bOM.

The classification of organic solutes by several researchers has suggested
that the HiB and HiA fractions consist mainly of protein-like and carboxylic
acid-like DOM, respectively (Table 1). Although the specific organic com-
pounds of the HiB fraction were not identified in this study, the fluorescence
at' 270/350 nmo of excitation/emission, used as an index for the protein-like
DOM, supports the decrease in the HiB fraction due to UV radiation (Fig, 5).
In addition, the increase of three carboxylic acids after exposure to UV sup-
ports the increase of the HiA fraction. Several studies suggest that the photo-
chemical formation of carboxylic acids is linked to the presence of humic sub-
stances (ALLARD et al. 1994, BerTiLssoN & TRaNVIK 1998, WeTZEL 2000). In
this study, on the other hand, the photochemical production of carboxylic acid-
like fractions may be related to the non-humic fractions of algal-derived
DOM. However, the increased HiA fraction may not be linked to the recalcit-
rance of algal DOM caused by exposure to UV, since carboxylic acids are, in
general, easily taken up by bacteria (BErTiLsSON & TRANVIK 1998), and since
the HiA fraction in this study was shown to have high biodegradability after
UV treatment (Fig. 7).

Some studies indicate that labile proteinaceous substrates could be trans-
formed into recalcitrant forms during UV exposure (NAGANUMA et al. 1996),
or only after a long incubation (KeIL & KiRcHMAN 1994). In this study, the
proportion of HiB increased with aging of the algae (Fig. 3), and the decreased
biodegradability of algal DOM was more marked in the older phases (PhaselIl
and III) than in the exponential phase (PhaseI) (Fig.2). Furthermore, the ini-
tially labile, protein-like HiB fraction became increasingly recalcitrant to bac-
terial degradation after exposure to UV (Fig.7). These results indicate that the
protein-like fraction may be important in the decrease of biodegradability of
algal DOM by UV exposure. '

The present study indicates that algai DOM can be photochemically altered
in its chemical composition and biodegradability, and the photoalteration may
be more important in older phases than in the exponential growth phase of the
algae. Furthermore, our results suggest that the protein-like HiB fraction may
be important in the formation of recalcitrant DOM.
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