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• Humic fractions varied seasonally and
periodically in a freshwater wetland.

• The origin of humic substances was
aquagenic in winter and pedogenic in
summer.

• Humics and DOM aromaticity were as-
sociated with temperature, chl-a, and
rainfall.

• Solar irradiation mainly affected the
molecular weight of humic substances.

• Coupling effects of biotics and abiotics
on DOM were implicitly observed.
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In this study, temporal and spatial variations in five defined molecular size fractions of dissolved organic matter
(DOM)were examined for a well preservedwetland (UpoWetland) and its surrounding areas, and the influenc-
ing factors were explored with many biotic and abioic parameters. For each DOM sample, the five size fractions
were determined by size-exclusion chromatography coupled with organic carbon detector (SEC-OCD). For 2-
year long monthly monitoring, bio-polymers (BP), humic substances (HS), building blocks (BB), low
molecular-weight (LMW) neutrals, and LMW acids displayed the median values of 264, 1884, 1070, 1090, and
11 μg-C L−1, respectively, accounting for 6.2%, 41.7%, 24.5%, 26.4%, and 0.4% of dissolved organic carbon (DOC).
The dominant presence of HS indicated that terrestrial input played important roles in DOM composition of
the freshwater ecosystem, which contrasted with coastal wetlands in other reports. Both seasonal and periodic
patterns in the variations were found only for HS and BB among the size fractions. It was also notable that the
sources of HSwere seasonally shifted from aquagenic origin inwinter to pedogenic origin in summer. The corre-
lations among the size fractions revealed that BB and LMWneutrals might be degradation products from HS and
humic-like substances (HS+BB), respectively, while LMWacids, from LMWneutrals. Principle component anal-
ysis revealed that the humic-like substances and the aromaticity ofDOMwere associatedwith temperature, chlo-
rophyll a, phosphorous, and rainfall, whereas the other fractions and the molecular weight of HS were primarily
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affected by solar irradiation. Significant correlations between DOM composition and some biotic factors further
suggested that DOM may even affect the biological communities, which provides an insight into the potential
coupling effects of biotic and abiotic factors on DOM molecular composition in freshwater wetlands.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Wetland, a land seasonally or permanently saturated with water,
plays significant roles in the global carbon cycle by pumping a large
amount of atmospheric carbon dioxide (CO2) into water and storing
carbon as dissolved CO2 and organic carbon in both vegetation and nat-
ural organic matter (Abril et al., 2014; Kayranli et al., 2010). The organic
carbon stored in dissolved organic matter (DOM) is highly linked with
many biotic and abiotic factors, and it exhibits more stable behavior
than dissolved CO2 in aquatic ecosystems (Azam and Malfatti, 2007;
Battin et al., 2008; Post et al., 1990). It has been reported that the organic
carbon cycling and the associated roles of DOM could be easily altered
by natural disasters (e.g., hurricane) and/or anthropogenic activities
(e.g., agricultural land use) (Osburn et al., 2012; Wilson and
Xenopoulos, 2009). Such a complexity makes it necessary to identify
the key factors responsible for the changes in the quantity and the qual-
ity of DOM with regard to wetlands.

To date, abiotic factors have been among themost concerning issues
for DOM changes due to the relatively easy monitoring and the abun-
dance of records (Chen et al., 2013; Franke et al., 2012; Jeong et al.,
2012; Wilson and Xenopoulos, 2009). In particular, hydrologic factors,
including water retention, flood, runoff, and hydrological connectivity,
have been mostly investigated (Chen et al., 2013; Mazzuoli et al.,
2005; Mladenov et al., 2005; Park et al., 2009; von Schiller et al., 2015;
Yu et al., 2015). The meteorological parameters such as temperature,
rainfall, wind, and sunlight have been considered to be important
influencing factors, but also have been rather overlooked regarding
the composition of DOM in wetlands (Chen et al., 2013; Park et al.,
2009; Piirsoo et al., 2012; von Schiller et al., 2015). For example, photo-
chemical transformationmay lead to the changes in DOM (Franke et al.,
2012), especially in shallow wetlands. Nearly the half of aromatic moi-
eties can be removed by solar irradiation during summer (Waiser and
Robarts, 2004). Anthropogenic activities, including water regimen,
land use, and pollution discharge, attract much attention in recent
years because this influence is much easier to be altered and controlled
than natural factors (Wiegner and Seitzinger, 2004; Wilson and
Xenopoulos, 2009; Yao et al., 2015). It was reported that aromatic frac-
tion and bioavailability of DOM aremuch lower in an anthropogenically
impacted wetland than a pristine one (Wiegner and Seitzinger, 2004).
Wetland has been highlighted as the key land-use regulating the DOM
export from the surrounding watershed, storing a part of DOM as car-
bon sink, and reducing carbon emission (Abril et al., 2014; Laudon
et al., 2004).

In summer, algal- and microbial activities and the productivity may
be more important than rainfall because significant correlations be-
tween terrestrial DOM and rainfall were observed in spring but not in
summer in previous reports (Biber et al., 1996; Li et al., 2008; Zhang
et al., 2011). Humic substances and free amino acids are known to be
ingested by detritivorous invertebrates and other organisms associated
with them(Thomas, 1997). In oligotrophicwetlands, the composition of
DOM is more influenced by aquatic vascular plants (Chen et al., 2013)
than algae andmicrobes. In aneffort to explore roles of abiotic andbiotic
factors on DOM composition in wetlands, bulk dissolved organic carbon
(DOC), spectral characterization (specific ultraviolet absorbance
(SUVA), fluorescent indicators), and pyrolysis-GC-MS have been often
employed to date, and the seasonal variations were monitored under
given biotic and/or abiotic factors (Biber et al., 1996; Chen et al., 2013;
Duan et al., 2007). However, the bulk DOCmeasurements and the spec-
troscopic methods are not sufficient to explain the compositional varia-
tion of the entire DOM. Pyrolysis-GC-MS offers more molecular
information on bulk DOM, but it is very limited for the quantitative anal-
yses of DOM due to the possibility of inaccurate assignments (Biber
et al., 1996). Size-exclusion chromatography coupled with organic car-
bon detector (SEC-OCD) is a promising technique to overcome the
aforementioned limitations (Huber et al., 2011). Despite its wide uses
in water treatment fields (Ho et al., 2015; Kimura et al., 2015; Simon
et al., 2013), unfortunately, only a few studies have investigated the
DOMcomposition in natural environments such as coastalwater, rivers,
and reservoirs using the technique (Chen et al., 2015;Marie et al., 2015;
Penru et al., 2013). It would be beneficial to extend the applicability of
SEC-OCD into wetlands, an environmentally important compartment,
to obtain a better understanding of DOM in natural environments.

As stated before, most related studies of wetlands have separately
considered abiotic or biotic effects on DOM composition. However, it
should be noted that the two factors are always coupled with each
other in exerting their influences. The coupling effects are largely influ-
enced by the balance between precipitation and biological factors with-
in wetlands, and the temporal variance of DOC in the downstream of
wetland is typically much higher than that of upstream (Goodman
et al., 2011; Piirsoo et al., 2012). Therefore, the present study based on
a long-term monthly monitoring of a well preserved freshwater wet-
land (Upo wetland; the largest wetland in South Korea) was targeted
with two main goals: 1) to examine the seasonal and the spatial varia-
tions in DOM concentrations and the molecular composition by
employing SEC-OCD, and 2) to explore the roles of biotic and abiotic fac-
tors in changing the DOM composition. The biotic factors considered for
this study included biological communities and the primary production
of aquatic vascular plants, while the abiotic factors were water quality
and meteorology parameters (season, rainfall, temperature, and solar
irradiation time).

2. Materials and methods

2.1. Study area and sampling sites

UpoWetland (128°25′ E and 35°33′N) is the largest freshwaterwet-
land in South Korea. It is designated as an Ecological Conservation Area
by theMinistry of Environment and registered to Ramsar.Many animals
and plants live in the vastwetland of 231 ha. In the UpoWetlandwater-
shed, there are five categories of land-use manly including forest land
(54.6%), farmland (27.9%), building & roads (5.6%), bare land (5.4%),
and water bodies (3.4%) (Landsat 8 OLI/TIRS image in May 13th,
2013). Surfacewater samples fromUpoWetland (W1),MokpoWetland
(W2), Sajipo Wetland (W3), Jjogjibeol Wetland (W4), upstream rivers,
including Topyeongcheon River (U1), Chogogcheon River (U2),
Daehabcheon River (U4), and downstream Topyeongcheon River
(D1), were collected monthly from October 27th, 2011 to September
28th, 2013 (Fig. S1).

2.2. Water physicochemical property, meteorological information, and bio-
logical communities

The water quality properties, including dissolved oxygen (DO), pH,
conductivity, temperature, chlorophyll a (Chl-a), turbidity, chemical ox-
ygen demand (COD), nitrate-nitrogen (NO3-N), ammonium-nitrogen
(NH4-N), total nitrogen (TN), orthophosphate phosphorus (PO4-P),
total phosphorus (TP), suspended solids (SS), were also monthly mon-
itored fromOctober, 2011 to September, 2013 in UpoWetland. Theme-
teorological information was monthly recorded by Changnyung Station
of Korea Meteorological Administration (http://web.kma.go.kr/eng/
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index.jsp). All the information is summarized in four seasons in
Table S1. Seasonal variation of biological communities in Upo Wetland
and the primary production of aquatic vascular plants at different
areas of Upo Wetland are summarized using the results reported in
other previous studies (Tables S2 and S3) (Jeong et al., 2014; Kang
et al., 2007).

2.3. Instrument analysis

DOC, SUVA254, and SEC-OCD fractionsweremeasured by aHPLC sys-
tem (S-100, Knauer, Berlin, Germany) simultaneously equipped with
UV-detector (S-200, Knauer, Berlin, Germany) and OCD (Huber and
Frimmel, 1991). The analyticalmethod follows those described in previ-
ous studies (Chen et al., 2015; Huber et al., 2011). In brief, after filtered
through a 0.45 μm membrane filter, the water was injected and
bypassed the column for determination of DOC and SUVA254, while,
for SEC-OCD fractions, the water sample was injected and passed
through a SEC column (250mm×20mm, TSKHW50S) using a purified
phosphate buffer (pH, 6.85, 2.5 g KH2PO4+ 1.5 g Na2HPO4·2H2O in 1 L)
mobile phase at a flow rate of 1.1 mL min−1. Potassium hydrogen
phthalate and International Humic Substances Society (IHSS)
Suwanneeriver Standard II humic (HA) and fulvic (FA) acids were
used to calibrate the OCD and the HS molecular weights (Huber et al.,
2011).

2.4. SEC-OCD fractions

Five molecular size fractions were quantified, following Huber et al.
(2011) based on the SEC-OCD chromatograms: 1) bio-polymers (BP),
polysaccharides and some proteins or amino sugars with nominal aver-
age molecular weight (Mn, also known as molecularity in humic sub-
stances diagram) of N10 kDa (Her et al., 2003; Villacorte et al., 2015),
2) humic substances (HS), often dominating the SEC-OCD chromato-
grams with Mn value of ~1 kDa (Chen et al., 2015; Huber et al., 2011),
3) building blocks (BB), breakdown products of HS or HS-like materials
with lower molecular weight (Mn: 350–500 Da), 4) low molecular-
weight acids (LMW acids or LMWA), the salt boundary peak of SEC-
OCD chromatograms with Mn value of b350 Da, 5) low molecular-
weight neutrals (LMW neutrals or LMWN), a highly complex composi-
tion of LMW alcohols, aldehydes, ketones, sugars, and amino acids with
Mn value of b350 Da. Both LMWA and LMWN are known to be the po-
tential degradation products of BP, HS, and BB through photo-
oxidation or bio-degradation (Leenheer and Croué, 2003; Liu et al.,
2010). An improved humic substances diagram (HS-diagram) can be
plotted using spectral absorption coefficient to organic carbon ratio
(SAC/OC, aromaticity, shortly expressed as ARM) of the HS-fraction
against its Mn. This diagram can illustrate the source of the HS-
fractions in various natural environments.

2.5. Statistical analysis

Percentiles (5th, 50th, and 95th) calculation, Pearson and Spearman
correlation analysis, principle component analysis (PCA), Mann–Whit-
ney test (MWT) were conducted by SPSS 13.0 software. Because not
all data exhibit normal or logarithmnormal distributions tomeet the re-
quirement of the ANOVA, a non-parameter comparison method, MWT,
was employed to examine the differences or the similarities of the indi-
cators among different seasons or locations.

3. Results and discussion

3.1. Seasonal and spatial variations of DOM composition

Monthly variations of DOC, SUVA254, and the five SEC-OCD fractions
are shown in Figs. 1 and S2 and summarized in Table 1.The median
(with 5th and 95th percentiles) of DOC and SUVA254 in Upo Wetland
were 4.49 (2.14–7.27) mg-C L−1 and 3.14 (2.36–4.23) L mg-C−1 m−1,
respectively. Both the amount and the aromatic content of DOM
showed a certain periodicity for the seasonal variations (Fig. S2a and
S2b) with the lowest (DOC, 3.18 mg-C L−1, SUVA254, 2.78 L mg-
C−1 m−1) and the highest (DOC, 5.93 mg-C L−1, SUVA254, 3.67 L mg-
C−1 m−1) values observed in winter and summer, respectively
(Table S1). Such a seasonality of DOC has been explained in many pre-
vious studies of wetlands by the seasonal variation of naturally
aquagenic or pedogenic origins, hydrological conditions, and anthropo-
genic activities (e.g., agricultural land use) (Biber et al., 1996; Goodman
et al., 2011; Yao et al., 2015). However, the seasonal pattern of aromatic
contentwas not always consistentwith that of DOC, and itwas even op-
posite to DOC. In a shallow prairie wetland, the lowest level of aromatic
carbon was found in the season with the highest DOC because of the
photo-degradation of DOM in part (Waiser and Robarts, 2004). It is
noteworthy that most previous studies were conducted for only one
year, and thus a continuous monitoring through the subsequent years
should be required for verifying the periodicity of DOM. A 6-year long
study on an oligotrophic subtropical coastal wetland confirmed a regu-
lar seasonal pattern of the changes in DOM amounts and the aromatic
content (Chen et al., 2013). However, such a periodicity was not found
in other reports on large river systems such as Mississippi River in
US and Pearl River in China (Duan et al., 2007). For this study, Upo
Wetland, a freshwater wetland ecosystem, clearly showed both season-
al and periodic pattern in the amount of DOM as well as the aromatic
content.

The five molecular fractions of DOM (i.e., BP, HS, BB, LMWN, and
LMWA) showed the median values of 264, 1884, 1070, 1090, and
11 μg-C L−1, respectively (Table 1) for all the months and locations.
Among the fractions, only humic-like substances, including HS and BB,
showed both seasonal and periodic patterns in the variations (Fig. 1b
and c). The changes of the humic-like substances were concurrent
with that of DOC. Although the average value of the monthly median
amount of BP in the first year was much smaller than in the second
year (Fig. 1a, independent t test, p b 0.05), the seasonal variations
were the same for both years with the highest concentrations displayed
in spring (p b 0.05) and no differences among other three seasons
(p N 0.05, Table S1). The main sources of BP is known to be microbial
products (Flemming et al., 2007). For this study, the observed seasonal
pattern of BP was similar to that of pelagic algae (Table S2). LMWN
and LMWA had the similar variation. The average value of monthly me-
dian amounts of LMW fractions for the first year was much larger than
for the second year (Fig. 1d and e, independent t test, p b 0.05). Com-
pared to LMWA, the seasonality of LMWN was much more obvious as
shown by the highest (1321 μg-C L−1) and the lowest (834 μg-C L−1)
concentrations in summer and winter, respectively. The similarity in
the seasonal pattern with humic-like substances suggests that LMWN
might be degradation products from BP in summer (Leenheer and
Croué, 2003; Liu et al., 2010; Penru et al., 2013).

Since HS typically dominates DOM (Chen et al., 2015; Huber et al.,
2011), it is valuable to explore in more detail the properties of this
fraction (aromaticity and molecularity). The median values (plus 5th
and 95th percentiles) of its aromaticity and molecularity were 3.83
(2.10–5.25) L mg-C−1 m−1 and 724 (640–893) g mol−1, respectively,
for this study. The aromaticity of HS was significantly higher than
that of total DOM (p b 0.001), but it exhibited the similar periodicity
and seasonality with the total DOM. Although the molecular weight
of HS in the first year was much smaller than in the second year
(Fig. S2c), the same seasonal variation was shown for both years
with the lowest molecular weight (671 g mol−1) in spring
(p b 0.05) and with no differences among other three seasons
(p N 0.05, Table S1). According to the HS-diagram in Figs. 2a and S3,
the same seasonal track was found concerning the sources of HS for
the two years although the molecular weight was larger in the sec-
ond year. In brief, aquagenic origin was more dominant in winter
whereas pedogenic origin, in summer.

http://web.kma.go.kr/eng/index.jsp


Fig. 1.Monthly variations of biopolymers (a), humic substances (b), building blocks (c), lowmolecular weight neutrals (d), and lowmolecular weight acids (e) quantified by SEC-OCD for
UpoWetland. Boxes indicate 25th and 75th percentiles, whiskers indicate 5th and 95th percentiles, solid lines within boxes refer to themedian values, and the scatters represent the out-
liers of samples.
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The spatial variations of DOC among the upstream sites, a down-
stream site, and the sites within the wetland were compared in
Table S4 and summarized in Table 1. The DOC concentrations in the
wetland sites were significantly higher than those of both upstream
and downstream sites (p b 0.05). Although there was no significant dif-
ference between the upstreamand the downstream sites, it was observ-
able that the median DOC value (4.33 mg-C L−1) of the upstream sites
were higher than that of the downstream site (2.59mg-C L−1), suggest-
ing the potential operation of settling or microbial consumption within
thewetland (Goodman et al., 2011). No significant differences were ob-
served for SUVA254 values between the upstream and the downstream
sites, implying that the consumption and the production of aromatic
carbon might balance each other in the wetland. Except for LMWA,
the concentrations of all themolecular size fractions were higher inside
the wetland than the surrounding areas. The median molecular weight
values of HS showed the smallest levels inmost wetland sites (W1,W3,
and W4), followed by those of the upstream and the downstream sites
(Fig. 2b). The spatial variation in the origins of HS was not pronounced
as shown by the close locations of the different sites in the HS-diagram
(Fig. 2b). It may be attributed to the overwhelming effects of season on
DOM composition in a given site. Despite the significant difference in
DOC between wetland and non-wetland sites, no such obvious differ-
ences were found for other DOM indicators, as demonstrated by
Table 1 and Fig. S4. The aromaticity of HS remained nearly the same
but the molecular weight decreased from the upstream to downstream
sites, indicating that HS in upstream rivers might be degraded into BB



Table 1
Statistics of DOM characteristics for the investigated sampling sites and seasons.

Sampling sites &
seasons

n DOC
(μg-C L−1)

SUVA254 (L
mg-C−1 m−1)

Bio-polymers
(μg-C L−1)

Humic substances
(μg-C L−1)

Building blocks
(μg-C L−1)

LMW neutrals
(μg-C L−1)

LMW acids
(μg-C L−1)

Site variation
D1 (Downstream rivers) 23 2590 (1311–6644)a 2.97 (2.02–4.32)a 151 (23–498)a 1023 (399–3304)a 548 (322–1708)a 650 (365–1790)a 2 (0–61)a

Upstream rivers 69 4333 (2433–6995)a 3.17 (2.32–4.01)a 219 (69–635)a 1647 (829–3817)a 932 (542–1656)a 1090 (625–1957)a 19 (0–55)a

Wetland 89 5158 (2606–8238)b 3.15 (2.36–4.31)a 311 (76–872)b 2265 (900–4586)b 1225 (504–1904)b 1152 (657–1920)b 12 (0–60)a

Seasonal variation (upstream rivers)
Spring 12 4024 (3154–5658)a 3.04 (2.37–3.37)a 320 (183–722)a 1596 (1233–2563)a 972 (779–1333)a 1066 (623–1293)a 11 (0–36)a

Summer 21 5307 (3742–7185)b 3.72 (2.69–4.11)b 189 (58–523)b 2425 (1581–3825)b 1244 (810–1918)b 1276 (707–2011)b 26 (0–55)a

Autumn 14 4476 (3104–6959)a 3.28 (3.06–3.85)c 216 (95–612)ab 1967 (1074–3611)a 943 (525–1421)ac 1141 (665–1965)ab 11 (0–31)a

Winter 21 3048 (2375–4334)c 2.84 (2.22–3.17)a 286 (98–550)ab 1113 (762–1861)c 738 (582–1135)c 736 (613–1287)a 16 (0–55)a

Seasonal variation (wetlands)
Spring 16 5271 (3879–6397)a 2.81 (2.34–3.24)a 520 (289–738)a 2267 (1409–3105)a 1253 (952–1471)a 1086 (801–1565)a 0 (0–46)a

Summer 28 6504 (4623–8275)b 3.65 (3.13–4.34)b 268 (65–785)b 3054 (2066–4757)b 1587 (610–1946)b 1511 (777–1984)b 27 (0–76)a

Autumn 20 5122 (3374–8383)a 3.31 (2.93–3.98)c 269 (127–604)b 2229 (1209–4008)a 1164 (410–1887)ac 1136 (660–2003)ab 12 (0–35)a

Winter 26 4237 (2223–5664)c 2.70 (2.30–3.35)a 294 (119–946)b 1536 (782–2454)c 1079 (575–1331)c 1001 (627–1560)a 11 (0–57)a

All sites 181 4487 (2142–7272) 3.14 (2.36–4.23) 264 (60–753) 1884 (749–3936) 1070 (451–1872) 1090 (596–1901) 11 (0–58)

Notes: Spring includes March, April, and May; Summer includes June, July, and August; Autumn includes September, October, and November; Winter includes December, January, and
February. The superscripts after the data indicate the similarity and the differences. The same alphabet indicates that the compared groups are similar. Different superscripts represent
significant difference between the compared groups (p b 0.05).
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butwithout changing the aromatic structures. The polymerization of HS
may also occur because HS was observed in higher molecular weight in
downstream rivers (Wershaw, 1999).

3.2. Seasonal and spatial distributions of SEC-OCD fractions

The distributions of SEC-OCD fractions provide an insight into the
characteristics, the environmental behaviors, and the sources of DOM
(Chen et al., 2015; Huber et al., 2011; Liu et al., 2010; Penru et al.,
2013; Villacorte et al., 2015;Wassink et al., 2011). Based on all the sam-
pling sites (Table S5), HSwas a predominant fraction of DOC, accounting
for 41.7%, followed by LMWN(26.4%), BB (24.5%), BP (6.2%), and LMWA
(0.4%). Our results are comparable with the data of the surface water
from a German river, in which the HS accounted for 67.1% of DOC,
followed by LMWN, BB, BP, and LMWA (Huber et al., 2011). In a
newly constructed reservoir of South Korea, HS constituted 48.9% of
total DOC, similar to the present study; but its sequence of the abun-
dance of the fractions was not the same for the reservoir and the rivers
flowing into the reservoir (Chen et al., 2015). Meanwhile, a costal sea
water was mainly composed of humic-like fractions (HS + BB, 51%)
and LMWN fraction (40%) (Penru et al., 2013). The high abundances
of humic-like fractions in UpoWetland (66.2%), rivers (77.4%), and res-
ervoirs (76.6%) (Chen et al., 2015; Huber et al., 2011) indicate that ter-
restrial input plays more important roles in freshwater ecosystem
Fig. 2.Humic substances diagrams (HS-diagrams) for sampling season (a) and sampling sites (b
year are triangle with green color in chart a. Chart a is based on the average values of monthly
rather than in seawater. The dominance of LMWN in sea water may
be attributed to autochthonous production and in-situ transformation
(Azam and Malfatti, 2007). More BB and LMWN in reservoir and wet-
land versus rivers can be attributed to strong photo-degradation in shal-
low wetland and clean reservoir, which allow more sunlight to
penetrate into the water (Liu et al., 2010). Since biological activities in
clean reservoir are relatively lower than in rivers andwetlands, it is like-
ly that BP fraction constitutes amuch smaller portion of DOC (Villacorte
et al., 2015).

Monthly and seasonal variations of SEC-OCD fractions were statisti-
cally analyzed in Table S5 and shown in Figs. 3a–b, S5, and S6. Although
only HS and BP fractions had periodical variations in months and sea-
sons, the peak values of the two fractions were different. For the wet-
land sites (Fig. 3b), HS and BP had the peak values in the wet season
(summer and autumn), and in the dry season (winter and spring), re-
spectively, probably because the HS loading from the surrounding areas
are likely much pronounced in the wet season (Chen et al., 2013; Mora
et al., 2014; Thomas and Eaton, 1996; Wilson and Xenopoulos, 2009).
Both LMWN and LMWA had no seasonal variations in the distributions
(p N 0.05) in the upstream rivers and the wetland sites (Table S5). How-
ever, the abundance of LMWN was significantly higher in the first year
than in the second year (pb 0.05). The distributionof BBhadnoperiodical
variationwith the fluctuation being around 25%. The lowest values (up to
10%) of BB were caused by the highest abundance of HS in the
). The samples in thefirst year are circlewith blue color,whereas the samples in the second
data in corresponding seasons. Chart b is based on the median values of 23-monthly data.



Fig. 3. Themonthly (a) and seasonal (b) of variations of compositions (%) of SEC-OCD fractions wetland sites of UpoWetland and its spatial (c) variation. Charts a and b are based on the
median values of monthly data.
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corresponding months. Nevertheless, the statistical analysis indicated
that the composition of BB was significantly higher in winter than in
other seasons (p b 0.05), especially in the wetland sites.

The spatial variations of the fraction's composition among the up-
stream, the downstream, and the wetland sites were tested in
Table S5 and shown in Fig. 3c. With respect to BP, BB, and LMWA,
there were no differences among the locations (p b 0.05, Table S5). No
Table 2
Pearson correlations among DOM characteristics, water quality parameters, and meteorology p

DOC SUVA254 BP HS

SUVA254 0.60⁎⁎

BP 0.39⁎ −0.30
HS 0.97⁎⁎ 0.67⁎⁎ 0.40⁎

BB 0.83⁎⁎ 0.47⁎⁎ 0.29 0
LMWN 0.62⁎⁎ 0.39⁎ −0.17 0
LMWA 0.08 0.06 −0.41⁎ −0
ARM 0.38⁎ 0.70⁎⁎ −0.42⁎ 0
Mn 0.37⁎ 0.15 0.60⁎⁎ 0
DO −0.50⁎⁎ −0.70⁎⁎ 0.23 −0
pH −0.06 −0.28 0.21 −0
Conductivity −0.58⁎⁎ −0.28 −0.33 −0
Temperature 0.66⁎⁎ 0.60⁎⁎ 0.09 0
Chl-a 0.38⁎ 0.47⁎⁎ 0.01 0
Turbidity −0.60⁎⁎ −0.33 −0.52⁎⁎ −0
COD 0.83⁎⁎ 0.55⁎⁎ 0.33 0
NO3-N −0.47⁎⁎ −0.19 −0.35⁎ −0
NH4-N −0.36⁎ −0.34⁎ −0.05 −0
TN −0.49⁎⁎ −0.25 −0.35⁎ −0
Organic N −0.22 −0.07 −0.21 −0
PO4-P 0.47⁎⁎ 0.46⁎⁎ 0.05 0
TP 0.41⁎ 0.45⁎⁎ 0.13 0
Organic P 0.20 0.20 0.25 0
SS −0.66⁎⁎ −0.31 −0.22 −0
Monthly rainfall 0.55⁎⁎ 0.73⁎⁎ −0.17 0
Monthly duration of sunshine −0.01 −0.43⁎⁎ 0.61⁎⁎ 0

Notes: ⁎⁎ denotes p b 0.01, ⁎ denotes p b 0.05, BP— bio-polymers, HS— humic substances, BB—
molecular weight.
significant discrimination between the upstream rivers and thewetland
siteswas observed for all themolecular fractions in their abundance (p b
0.05). Nevertheless, thewetland and the downstream sites were distin-
guished with the relative abundances of HS and LMWN.Wetlands tend
to retain HS, perhaps through the settling into sediments, to a greater
extent than LMWN, which can be easily produced in wetlands and car-
ried into downstream water bodies (Villacorte et al., 2015).
arameters of Upo Wetland (n = 35).

BB LMWN LMWA ARM Mn

.74⁎⁎

.47⁎⁎ 0.47⁎⁎

.08 0.23 0.56⁎⁎

.38⁎ 0.31 0.46⁎⁎ 0.48⁎⁎

.48⁎⁎ 0.39⁎ −0.43⁎⁎ −0.58⁎⁎ −0.16

.51⁎⁎ −0.45⁎⁎ −0.40⁎ −0.14 −0.62⁎⁎ −0.11

.09 0.04 −0.16 −0.14 −0.27 0.11

.53⁎⁎ −0.47⁎⁎ −0.45⁎⁎ 0.04 0.10 −0.07

.67⁎⁎ 0.60⁎⁎ 0.44⁎⁎ 0.14 0.47⁎⁎ 0.20

.37⁎ 0.59⁎⁎ 0.041 −0.08 0.23 0.46⁎⁎

.70⁎⁎ −0.45⁎⁎ 0.045 0.23 −0.01 −0.75⁎⁎

.79⁎⁎ 0.88⁎⁎ 0.43⁎⁎ 0.16 0.40⁎ 0.39⁎

.46⁎⁎ −0.42⁎ −0.13 0.08 0.05 −0.38⁎

.36⁎ −0.28 −0.36⁎ −0.04 −0.14 0.01

.53⁎⁎ −0.38⁎ −0.14 0.08 0.03 −0.37⁎

.28 −0.08 −0.03 −0.08 0.01 −0.18

.52⁎⁎ 0.45⁎⁎ 0.19 0.17 0.44⁎⁎ 0.30

.47⁎⁎ 0.34⁎ 0.14 0.08 0.42⁎ 0.23

.25 0.13 −0.04 −0.07 0.21 0.16

.59⁎⁎ −0.71⁎⁎ −0.43⁎ −0.16 −0.24 −0.35⁎

.60⁎⁎ 0.37⁎ 0.48⁎⁎ 0.28 0.65⁎⁎ 0.02

.01 0.01 −0.34⁎ −0.49⁎⁎ −0.49⁎⁎ 0.38⁎

building blocks, LMWN— LMW neutrals, LMWA— LMW acids, ARM— aromaticity, Mn —
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3.3. Environmental fate of DOM regarding its characteristics and the sur-
rounding factors

3.3.1. Environmental behaviors of DOM characteristics
Based on Pearson correlation analyses among DOM characteristics

(Table 2), LMWAwas the only size fraction that displayed no significant
correlation with DOC, probably because of its negligible amount (p N

0.05). Instead, LMWA showed significant correlations with LMWN and
HS aromaticity (p b 0.01), indicating that the two low molecular size
fractions may have the similar degradation pathways/behaviors with
the sources relating to aromatic fractions of HS. The aromatic content
of DOM in the wetland appears to have the same behavior with
humic-like substances as indicated by the significant correlations
among SUVA254, HS, BB, ARM of HS (p b 0.01). Meanwhile, there was a
negative correlation between SUVA254 and BP, confirming that BPmain-
ly contains saturated structures (Huber et al., 2011). TheMn of HS signif-
icantly correlated positively with BP, HS, and BB, but negatively with
LMW fractions (p b 0.05), indicating that molecular weight of humic
substances was likely formed through depolymerization and humifica-
tion of BP but not through the polymerization of LMW components
(Wershaw, 1999). In the wetland, BB and LMWN seem to be the degra-
dation products fromHS and humic-like substances, respectively, while
LMWA is likely produced from LMWN, as indicated by the significantly
positive correlations among them (p b 0.05) shown in this study and in
the previous literature (Huber et al., 2011; Liu et al., 2010).

PCA was conducted to further investigate the association among
DOM characteristics and other environmental factors. Three PCA com-
ponents, accounting for 87.7% of the total variance, were extracted in
Table S6. PC1, explaining 44.5% of the variance, was more associated
with DOC, SUVA254, HS, BB, LMWN, and ARM, whereas, PC2, responsible
for 30.8% of the total variance, was positively correlated with BP andMn

and negatively associated with LMWA. The loading plot based on PC1
and PC2 in Fig. 4a supported the concurrent behavior of HS and BB
with DOC as well as the close association between BP and Mn of HS,
which were consistent with the previous correlation analyses. The
PCA results demonstrated that the DOM in summer and winter could
be discriminated each other. In detail, the DOM in summer contained
more humic-like fractions with a higher aromatic content and more
abundant LMWN than in winter. In contrast, the DOM characteristics
in spring and autumn appear more complicated and were not discrimi-
native with other seasons as indicated by the scattered locations in the
score plot (Fig. 4b).

3.3.2. Abiotic factors
The associations among DOM characteristics, water quality parame-

ters, and meteorology parameters of UpoWetland were investigated in
Table 2 based on Pearson correlation analyses. DOC and its aromatic
fractions (SUVA254, HS, and BB) were positively correlatedwith season-
al indicators, including temperature and rainfall (p b 0.05). A lab
Fig. 4. Loading plot (a) of organic matter indicators (DOC, SUVA254, and SEC-OCD fractions) and
(b) of seasonal samples. The points, where the tail ends of the arrows are located, denote th
components.
investigation has shown that a thermal process of terrestrial DOM
(e.g., extracts from biochar) could substantially lead to the increase of
BP (Lin et al., 2012), but BP in the wild wetland had no correlation
with temperature for the present study, indicating that BP might not
originate from the degradation of terrestrial DOM. In this study, BP
only positively correlated with monthly duration of sunshine
(i.e., solar irradiation), suggesting that the potential source of BP
might relate to the photosynthesis of microorganisms (Tamaru et al.,
2005). LMW fractions seemed to have their origin from the degradation
of DOM components with higher molecular weight (e.g., HS and BB)
through non-oxidative mechanisms such as physical disaggregation or
fragmentation (Chin et al., 1998), rather than direct photo-oxidation,
as indicated by the negative correlation between LMW fractions and
solar irradiation, although those photo-oxidation transformationmech-
anisms have been observed in the lab by Liu et al. (2010). In summary,
the dominant fractions of SEC-OCD and the aromatic properties of DOM
were associated with temperature, Chl-a, COD, phosphorous, and rain-
fall, whereas the minor fractions of SEC-OCD and the molecularity of
HS were affected by solar irradiation (Fig. 4a).

3.3.3. Biotic factors
The biotic factors include the biological communities and the prima-

ry production of aquatic vascular plants. In this study, no significant cor-
relationwas foundbetweenDOMand theprimary production (Table 3),
indicating that vascular plants living in the wetland may not be the
main parameter affecting DOM quantity and the composition. Instead,
the production from all living things in the surrounding watershed
could be more important because the wetland itself occupies only b2%
of the watershed, and forest and farmland are dominant land uses
shown in Fig. S1. It was previously reported that DOM in wetlands is
highly associated with the forest and the agricultural areas of the corre-
sponding watershed by affecting the biological carbon processing to a
great extent (e.g., uptake, retention, and outgassing) (Graeber et al.,
2012; Reader et al., 2014;Wilson and Xenopoulos, 2009). Nevertheless,
it was interesting to observe some significant correlations between
DOM composition and specific biotic factors for this study (Table 3).
For example, DOC, SUVA254, HS, LMWN were positively correlated
with most aquatic species, including both flora and fauna. BB was posi-
tively associated with algae, total zooplankton, and some macro-
invertebrates. BP showed positive correlations with pelagic algae and
fishes. The aromaticity of HS, but not its molecularity, was associated
with somebiotic factors including algae, zooplankton and invertebrates.
It is noteworthy that the significant correlations between the DOM
characteristics and the biotic parameters do not necessarily indicate
that the amount and the properties of DOM are directly affected by
the biotic factors. On the contrary, our results might suggest that DOM
could be an important factor to affect the biological communities in
the wetland with abiotic factors coupled, which will be discussed in
the following section.
the associated abiotic factors (water quality and meteorology parameters) and score plot
e correlation values between abiotic factors and the PCA score dataset of the first two



Table 3
Spearman correlations between DOM characteristics and selected biotic factors in Upo Wetand.

Species DOC SUVA254 BP HS BB LMWN LMWA ARM Mn

Algae
Pelagic algae 0.38⁎ 0.07 0.38⁎ 0.38⁎ 0.39⁎ 0.27 −0.02 0.20 0.21
Epiphytic algae 0.41⁎ 0.68⁎⁎ −0.17 0.41⁎ 0.26 0.35⁎ 0.00 0.51⁎⁎ 0.04

Zooplankton (total) 0.41⁎ 0.68⁎⁎ −0.17 0.41⁎ 0.26 0.35⁎ 0.00 0.51⁎⁎ 0.04
Rotifer 0.61⁎⁎ 0.82⁎⁎ −0.14 0.63⁎⁎ 0.45⁎⁎ 0.52⁎⁎ 0.16 0.69⁎⁎ 0.13
Cladoceran 0.41⁎ 0.68⁎⁎ −0.17 0.41⁎ 0.26 0.35⁎ 0.00 0.51⁎⁎ 0.04
Copepoda 0.25 0.68⁎⁎ −0.38⁎ 0.25 0.09 0.24 0.06 0.48⁎⁎ −0.06

Macro-invertebrate (total) 0.41⁎ 0.68⁎⁎ −0.17 0.41⁎ 0.26 0.35⁎ 0.00 0.51⁎⁎ 0.04
Diptera 0.55⁎⁎ 0.44⁎⁎ 0.17 0.58⁎⁎ 0.49⁎⁎ 0.45⁎⁎ 0.12 0.45⁎⁎ 0.21
Coleoptera 0.41⁎ 0.68⁎⁎ −0.17 0.41⁎ 0.26 0.35⁎ 0.00 0.51⁎⁎ 0.04
Hemiptera 0.61⁎⁎ 0.82⁎⁎ −0.14 0.63⁎⁎ 0.45⁎⁎ 0.52⁎⁎ 0.16 0.69⁎⁎ 0.13
Odonata 0.41⁎ 0.68⁎⁎ −0.17 0.41⁎ 0.26 0.35⁎ 0.00 0.51⁎⁎ 0.04
Ephemeroptera 0.41⁎ 0.68⁎⁎ −0.17 0.41⁎ 0.26 0.35⁎ 0.00 0.51⁎⁎ 0.04

Fish 0.38⁎ 0.07 0.38⁎ 0.38⁎ 0.39⁎ 0.27 −0.02 0.20 0.21
Hydrophytes (ton) 0.30 0.32 0.15 0.27 0.17 0.27 0.30 0.54 0.25

Emergent plants −0.20 0.10 −0.15 −0.17 −0.17 −0.15 0.15 0.44 0.12
Floating-leaved plants 0.34 0.35 0.05 0.34 0.20 0.30 0.32 0.57 0.34
Free-floating plants 0.03 0.10 0.10 0.00 −0.03 0.10 0.17 0.42 0.10
Submersed plants −0.09 0.10 −0.03 −0.09 −0.10 −0.03 0.16 0.44 0.11

Hygrophytes (ton) 0.30 0.32 0.15 0.27 0.17 0.27 0.30 0.54 0.25
Hydrophytes (%) 0.10 0.15 −0.10 0.12 0.03 0.15 0.20 0.44 0.27

Emergent plants −0.57 −0.30 −0.42 −0.49 −0.42 −0.42 −0.15 −0.03 −0.05
Floating-leaved plants 0.34 0.35 0.05 0.34 0.20 0.30 0.32 0.57 0.34
Free-floating plants 0.03 −0.05 0.22 −0.03 0.05 −0.03 −0.10 −0.27 −0.22
Submersed plants 0.19 0.14 0.14 0.17 0.08 0.28 0.22 0.47 0.19

Hygrophytes (%) −0.10 −0.15 0.10 −0.12 −0.03 −0.15 −0.20 −0.44 −0.27

Notes: ⁎⁎ denotes p b 0.01, ⁎ denotes p b 0.05, BP— bio-polymers, HS— humic substances, BB— building blocks, LMWN— LMW neutrals, LMWA— LMW acids, ARM— aromaticity, Mn —
molecular weight. The data for selected biotic factors are adopted from Jeong et al. (2014).

Fig. 5.A graphical scheme representing coupling effects of abiotic and biotic factors on the
molecular composition of DOM in freshwater wetlands. In wetland, the spatio-temporal
distribution and chemical composition of DOM are affected by abiotic factors like light,
rainfall, hydrodynamics,water chemistry, land use, and terrestrial OM. Biological activities
also play a crucial role in producing and distributing DOM. It is noteworthy that the organ-
isms are subject to surrounding factors. The main biological influencing factors include
algae and bacteria. However, other biological components like zooplankton, macro-inver-
tebrate, and even fishes operate as non-negligible compartments of the aquatic food web,
which can indirectly control the quantity and composition of DOM through the ingestion
of the primary products.
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3.4. Implications for coupling effects of wetland's abiotics and biotics on
DOM

What would be the real relationship between the amount and prop-
erties of DOMand the biotic factors? It is difficult to distinguish between
the causes and the effects simply based on our observed correlations in
Table S8. We deduced that the biotics, coupled with the abiotics, affect
the quantity and the composition of DOM via the aquatic food web as
presented in Fig. 5. In thewetland, abiotic factors likely affect DOM indi-
rectly through physical transportation, fragmentation, aggregation
caused by hydrology, and chemical transformation like photochemistry
(Chen et al., 2013; Chin et al., 1998; Franke et al., 2012; Mladenov et al.,
2005; von Schiller et al., 2015). For instance, in mangrove wetlands,
DOMwasnot the samebetween tidally influenced sites and the sites ex-
posed to long inundation periods (Chen et al., 2013). Flood was report-
edly to be an influencing factor for changing the composition of DOM in
a pristinewetland of Botswanawhere theDOMderived fromplant litter
decreased but microbially-derived DOM dominated after flood
(Mladenov et al., 2005). The longer hydraulic retention time in shallow
wetlands like UpoWetland might cause the reduction in the molecular
weight of DOMwith allochthonous origins because of highmicrobial ac-
tivities occurring under the hydraulic condition (Mazzuoli et al., 2005;
Park et al., 2009). Runoff, controlled by hydrological transition (von
Schiller et al., 2015; Yu et al., 2015), also affects the DOM in wetland
through the transport of more DOM from land soils (Mora et al., 2014;
Yao et al., 2015).

It was found from this study that temperature, water chemistry
(e.g., nutrients), rainfall, and sunlight were positively associated with
molecular composition of DOM. Previous studies have emphasized the
importance of the meteorology, hydrodynamics, and land use in affect-
ing the migration of terrestrial organic matter into water bodies (Chen
et al., 2013; Duan et al., 2007; Graeber et al., 2012; Park et al., 2009).
The direct influences of planktons on DOM compositionwere also obvi-
ous in other prior reports, which include the ingestion and the produc-
tion of DOM (Biber et al., 1996; Thomas, 1997; Villacorte et al., 2015;
Wiegner and Seitzinger, 2004). However, it was rarely noticed and
overlooked about DOM that the activities of microorganism
communities, despite its only a small part of aquatic food web, might
be controlled or regulated by higher trophic organisms like zooplank-
ton, macro-invertebrate, and fishes. Our results imply that higher tro-
phic organisms could be indirectly associated with the fate of DOM in
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freshwater wetlands (Table S8). For example, increased temperature
can enhance the activities of aquatic organisms, leading tomore produc-
tion of OMs by algae andmicroorganisms (e.g., bio-polymers) or the de-
tritus from other organisms. The populations of zooplankton, macro-
invertebrates, and fishes in the food web may be promoted by the in-
crease of the food like OM. They can subsequently control the quantity
and composition of DOM in indirect routes through the ingestion of
the primary products (Fig. 5).

4. Conclusions

The amount of DOM in UpoWetland varied both seasonally and pe-
riodically. Variousmolecular size fractions of DOM, including BP, HS, BB,
LMWN, and LMWA, had the median values of 264, 1884, 1070, 1090,
and 11 μg-C L−1, accounting for 6.2%, 41.7%, 24.5%, 26.4%, and 0.4% of
DOC, respectively. The dominance of humic-like substances indicated
that terrestrial input plays an important role in the freshwater ecosys-
tem, which contrasted with other coastal wetland studies. Among the
five size fractions, only HS and BP fractions showed periodic patterns
in the monthly and seasonal variations. HS showed an aquagenic origin
in winter and a pedogenic origin in summer. The concentrations of all
the size fractions in the wetland sites were higher than those in the up-
stream and the downstream sites with the exception of LMWA. A close
examination of the correlations revealed that BB and LMWNwere likely
degradation products from HS and humic-like substances, respectively,
but LMWAwasmost likely produced from LMWN. PCA showed that the
dominant size fractions of DOM and the aromatic properties were asso-
ciated with temperature, Chl-a, phosphorous, and rainfall, whereas the
minor fractions and themolecular weight of HSwere primarily affected
by solar irradiation. The significant correlations between DOM and
some of the biotic factors suggest that DOM, coupled with the abiotic
factors, could indeed affect the biological communities in wetlands.
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