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a b s t r a c t

Dissolved organic matter (DOM) has not been studied fully for tropical and subtropical rivers, in partic-
ular during storm events. DOM dynamics during a summer storm event in June, 2011 were examined in a
subtropical river (the North Jiulong River, China). Stormwater runoff was sampled for measurement of
dissolved organic C (DOC), absorption spectroscopy and fluorescence excitation emission matrix spec-
troscopy (EEMs). Three different fluorescent components were identified using parallel factor analysis
(PARAFAC), including humic-like C1 and C3, and C2 as a combination of humic-like and protein-like fluo-
rophores. The flux of DOC increased fivefold from 0.4 kg s�1 at baseflow to 2.0 kg s�1 at peak flow. Chro-
mophoric DOM (CDOM) and fluorescent components also showed large increases with stormflow. The
flux of DOC was similar during the rising and falling hydrographs at equal water discharge, while those
of CDOM and fluorescent components were much higher during the falling-hydrograph. Carbon specific
CDOM absorption coefficient at UV (SUVA254) and the fraction of C3 which fluoresced at long emission
wavelength correlated positively to each other but negatively to absorption spectral slope ratio (SR)
and C2%. They showed notable temporal variations indicative of increases in aromaticity, C3% and aver-
age molecular weight of DOM during the storm event. Changes in DOM composition lagged behind those
in DOM flux. Changes in the flux and quality of DOM during the storm event, which were monitored
effectively by absorption spectroscopy and EEMs–PARAFAC, could affect biogeochemical processes in
the river and receiving coastal waters.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Dissolved organic matter (DOM) is the largest pool of reduced C
and plays important roles in a variety of biogeochemical processes
and ecosystem function in aquatic environments (Benner, 2003).
For example, abundant C and nutrient elements (such as N and
P) are bound within DOM, which can be released as CO2 and bio-
available inorganic nutrients upon the decomposition of DOM
(e.g., Moran and Zepp, 1997; Stedmon et al., 2007; Lonborg and
Sondergaard, 2009). The speciation, solubility, bioavailability and
toxicity of metals are also affected by DOM (e.g., Sánchez-Marín
et al., 2010; Hassler et al., 2011). The microbial utilization of
DOM is the start of the microbial food loop, while the microbial
transformation of labile DOM to refractory DOM can store C for
thousands of years in the ocean (Jiao et al., 2010). Chromophoric
DOM (CDOM), which absorbs both photosynthetically active and
ultraviolet radiation, affects both primary production and the hab-
itat for organisms (Coble, 2007). The biogeochemical reactivity of
DOM is largely dependent on its chemical composition. For exam-
ple, the bioavailability of DOM is related to its molecular weight
ll rights reserved.
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(Loh et al., 2004) and the fraction of protein-like materials (Fellman
et al., 2009, 2010). Different constituents of DOM have variable
photochemical reactivity (Kieber et al., 2007; Spencer et al.,
2009; Stubbins et al., 2010). Therefore, to better understand the
biogeochemical role of DOM, it is important to examine both the
concentration and composition of DOM in aquatic environments.

Annually, approximately 0.2–0.25 Gt C in DOM is transported
by global rivers to the ocean (Ludwig et al., 1996; Battin et al.,
2008), which represents an important biogeochemical linkage be-
tween the terrestrial and marine ecosystems. Recent studies have
focused disproportionately on temperate and high-latitude rivers,
but tropical rivers contribute more to the global land–ocean flux
of dissolved organic C (DOC) (Spencer et al., 2010; Ludwig et al.,
1996). In addition, our understanding of DOM dynamics in tropical
rivers is largely limited to a few large systems (e.g. Mayorga et al.,
2005; He et al., 2010), and the factors that control the concentra-
tion, composition and flux of DOM in many other medium-sized
and small rivers require further study. In fact, the biogeochemistry
of DOM in rivers can be affected significantly by many factors such
as hydrological condition, geological settings, land use, microbial
activity and photo-degradation (e.g. Hood et al., 2006; Williams
et al., 2010; Yamashita et al., 2010, 2011; Cawley et al., 2012; Hong
et al., 2012).
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In particular, the concentration, composition and flux of DOM
can change greatly during storm events. For example, the DOC con-
centration increases by approximately threefold and the propor-
tion of humic DOM was shown to increase in a storm event in
three small watersheds in Oregon (Hood et al., 2006). The mean
concentration and flux of DOC at stormflow are 2.2 and 57 times
higher than those at baseflow in the Wailuku River, Hawaii (Wieg-
ner et al., 2009). Storm and snow melt events together accounts for
�86% of DOC export in 30 small forested watersheds in the eastern
USA, and one critical area of future research is to study composi-
tional changes of DOM during these events (Raymond and Saiers,
2010). The protein-like fraction in total fluorescence and the bio-
availability of DOM decrease in an upland watershed but increase
in a wetland dominated watershed during stormflows in Alaskan
Rivers (Fellman et al., 2009). To better evaluate the biogeochemical
role of DOM in linking the terrestrial and marine ecosystems, it is
important to study the flux and composition of DOM during storm
events, in particular considering that most studies have focused on
DOM under baseflow conditions and that the frequency of heavy
precipitation events is likely to increase in the future due to cli-
mate change (IPCC, 2007).

Absorption and fluorescence spectroscopy are useful for charac-
terizing the concentration and composition of DOM. Absorption
coefficient and fluorescence intensity are indicators for the levels
of CDOM and fluorophores, while the carbon specific CDOM
absorption coefficient at UV (SUVA254), and absorption spectral
slope ratio (SR) are valuable proxies for the composition of DOM
(Weishaar et al., 2003; Helms et al., 2008). Fluorescence excitation
emission matrix spectroscopy coupled with parallel factor analysis
(EEMs–PARAFAC) provides a powerful tool for differentiating fluo-
rescent components and tracing their dynamics (e.g., Stedmon and
Markager, 2005; Kowalczuk et al., 2009; Fellman et al., 2010; Chen
et al., 2010; Yang et al., 2012a; Maie et al., 2012). Only recently
have a very few studies applied fluorescence spectroscopy to study
DOM dynamics in storm events and they were limited to mid-high
latitude rivers (Fellman et al., 2009; Austnes et al., 2010; Nguyen
Fig. 1. Study area, sampling site (triangle), the most downriver hydrological station
(star: Punan) and the four weather stations (circle: Longyan, Zhangping, Huaan and
Changtai) in the North Jiulong River.
et al., 2010). Studies are required to assess the potential of such
techniques with respect to DOM dynamics in tropical watersheds.

The Jiulong River is a subtropical river located in southeastern
China, with distinct dry and wet seasons under the influence of
the East Asian Monsoon. Tropical storms violently impact this area
several times per year and bring heavy precipitation, which may
lead to rapid flushing of DOM from the land to the ocean. The ef-
fects of storm events on the level and composition of DOM is
poorly studied for not only the Jiulong River but also many other
rivers in this region including some large ones such as the Yangtze
River and the Pearl River (Fig. 1). Although a higher DOM concen-
tration and a lower protein-like fraction in total fluorescence have
been observed after storms than in the dry season in the authors’
five basin scale investigations (Hong et al., 2012), the dynamics
of DOM at high temporal resolution in a storm event with changing
flow is unknown. This study aimed to examine the temporal
changes in the flux and composition of DOM in a summer storm
event, using DOC, absorption spectroscopy and EEMs–PARAFAC.
2. Materials and methods

2.1. Study area

The Jiulong River is a subtropical river located in Fujian prov-
ince, southeastern China, with a drainage area of 14,741 km2. The
mean annual temperature and precipitation are 19.9–21.1 �C and
1400–1800 mm. The main land cover of the watershed is forest-
land (69.4%) and arable land (18.4%) (Huang et al., 2011). There
are three major tributaries in the watershed: North River, West
River and South River (Fig. 1). The North River is the main tributary
with a length of 274 km, a drainage area of 9803 km2 (accounting
for 66.5% of the total area of the Jiulong River watershed) and a
mean annual discharge of 82.3 � 108 m3 (with �74% occurring in
the wet season from April to September).

2.2. Field sampling

A summer storm event occurred in the North Jiulong River wa-
tershed from 23:00, June 11 to 17:00, June 12, 2011 (Fig. 2), with a
mean rainfall of 64.25 mm at the four weather stations (Fig. 1) and
a highest one of 143 mm at the upstream site (Longyan). In addi-
tion, there were two moderate rains on June 11 and 14. The water
discharge at the most downstream hydrological station Punan in-
creased strongly from 214 m3 s�1 on June 11 to a maximum value
of 1000 m3 s�1 on June 13, mainly due to the storm event and
Fig. 2. Changes in mean precipitation at four locations in the North Jiulong River
and the water discharge at Punan gauge during the storm event in June, 2011.
Hourly rainfall data are from the Fujian Water Information system, http://
www.fjwater.gov.cn/; Hourly flow rate was provided by Punan gauge, Fujian
Province.

http://www.fjwater.gov.cn/
http://www.fjwater.gov.cn/
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partly to the moderate rain on June 11 (Figs. 1 and 2). The flow
peak lagged the maximum precipitation by 18 h, which repre-
sented the time for the water to flow from the land into the river
channel and from upstream to downriver. After the flow peak at
0:00 on June 13, the discharge generally decreased to 289 m3 s�1

at 14:47 on June 14 (i.e. the end of the observation).
Surface runoff was collected at a downriver site (Fig. 1) every

2 h from 16:00 on June 12, 2011, until 22:00 on June 13, 2011.
Additional four samples were collected at 9:35 on June 11, and at
9:00 and 12:00 on June 12, and at 14:47 on June 14, 2011
(Fig. 2). Compared to other CDOM samples before 20:00, June 12,
the sample at 9:35, June 11 had an abnormally high light absor-
bance and was excluded due to possible contamination. The sam-
ples were filtered immediately through pre-combusted (at 500 �C
for 5 h) GF/F filters for DOC and optical measurements. The filtrates
were stored frozen for DOC measurements and refrigerated (4 �C)
in the dark for optical measurements.

2.3. DOC and absorption measurements

The DOC concentration was measured by high temperature cat-
alytic oxidation after removing dissolved inorganic C, by O2 purg-
ing, using a Multi N/C 3100 TOC-TN analyzer (Analytik Jena,
Germany, Hong et al., 2012). Each sample was measured in tripli-
cate with a mean analytical precision of 1.4 ± 0.8%. A six-point cal-
ibration was carried out with solutions of potassium hydrogen
phthalate as standards. The accuracy of the measurement was ver-
ified with Low Carbon Water and Deep Sea Water (from D. A. Han-
sell, University of Miami). The measured DOC concentration of
Deep Sea Water (43.7 lmol L�1) was in good agreement with the
recommended values (44–46 lmol L�1).

Absorbance spectra of CDOM were scanned with a Techcomp
2300 UV–Vis spectrometer at wavelengths 240–800 nm (every
1 nm) with Milli-Q water as the blank (Hong et al., 2012). Absor-
bance at each wavelength (k) was baseline corrected by subtract-
ing the mean absorbance at 700–800 nm, and converted to
absorption coefficient (aCDOM(k)) as:

aCDOMðkÞ ¼ 2:303� AðkÞ=l ð1Þ

where A(k) is the corrected absorbance at wavelength k and l is the
path length (0.05 m). The absorption coefficient at 350 nm
(aCDOM(350)) is chosen to indicate the abundance of CDOM in this
study. The carbon specific CDOM absorption coefficient at UV
(k = 254 nm), SUVA254, was calculated as:

SUVA254 ¼ aCDOMð254Þ=DOC ð2Þ

SUVA254 is correlated strongly to the aromaticity of DOM (Weis-
haar et al., 2003). The CDOM absorption spectral slope ratio (SR),
which is negatively correlated with the molecular weight of
DOM, was calculated as the ratio of the spectral slope over 275–
295 nm to that over 350–400 nm (Helms et al., 2008).

2.4. EEMs–PARAFAC

Sample fluorescence spectra (EEMs) were scanned using a Cary
Eclipse fluorescence spectrophotometer (Varian, Australia) at
emission wavelengths of 300–600 nm (every 2 nm), with excita-
tion wavelengths of 250–450 nm (every 5 nm) (Hong et al.,
2012). High absorption samples were diluted to A(350) < 0.02 at
1 cm pathlength before fluorescence measurements to avoid in-
ner-filter effects (Moran et al., 2000; Kowalczuk et al., 2003). The
spectra of each sample was calibrated with the Raman peak of
Milli-Q water (Stedmon and Markager, 2005) and subtracted Ra-
man-normalized spectra of Milli-Q water which was scanned on
the same day.
All the 20 EEMs were subject to the multivariate modeling tech-
nique PARAFAC, using MATLAB 7.5 with ‘‘the N-way toolbox for
MATLAB’’ (Stedmon and Bro, 2008). The low number of samples
probably limited the number of fluorescent components identified
using PARAFAC, but the PARAFAC model was validated by both the
results of split-half analysis and the very low residuals. The num-
ber of components was determined with the split-half validation
(Stedmon and Bro, 2008). One sample collected at 20:00 June 13
was identified as an outlier following the protocol of Stedmon
and Bro (2008) and was, therefore, excluded from the PARAFAC
model. EEMs were decomposed by PARAFAC into individual com-
ponents with characteristic excitation–emission fluorescence spec-
tra. Each component fluoresces over a series of excitation–
emission wavelengths, and the maximum fluorescence of each
component (Fmax) was used to represent its fluorescence intensity
in each sample (Stedmon and Markager, 2005; Kowalczuk et al.,
2009; Hong et al., 2012). To examine changes in the composition
of fluorescent DOM, the relative fraction of each component in
the total fluorescence was also calculated (Kowalczuk et al.,
2009; Yang et al., 2012b).
3. Results

3.1. Variation of DOC concentration and CDOM absorption

Overall, the DOC concentration increased from 1.7 mg L�1 in the
pre-storm baseflow to 2.1 mg L�1 at stormflow and then decreased
to �1.8 mg L�1, although there were some fluctuations (Fig. 3).
There was a moderate correlation between the DOC concentration
and the water discharge (r = 0.60, p < 0.01). These results agreed
with the observation that the DOC concentration in the Jiulong Riv-
er was higher after storms than in the dry season (Hong et al.,
2012). The increase of DOC in the high-discharge stormflow was
probably due to the changes in the hydrologic flowpath to the river
from lower, mineral soil horizons during baseflow to upper soil and
litter horizons during stormflow (Hood et al., 2006; Wiegner et al.,
2009; Fellman et al., 2009; Spencer et al., 2010).

Values of aCDOM(350), SUVA254 and SR ranged within 3.10–
6.53 m�1, 6.07–10.24 m2 g�1, and 0.87–1.06, respectively (Fig. 3).
The value of aCDOM(350) was generally low before 20:00, June 12
(3.10–3.41 m�1), then increased rapidly to 6.27 m�1 at 18:00, June
13 and remained at relatively high levels. The elevation of
aCDOM(350) in the storm event indicated that much more CDOM
was flushed from the land into the river during the storm than dur-
ing the baseflow condition. SUVA254, which correlates positively to
the aromaticity of DOM (Weishaar et al., 2003), showed a similar
pattern of variation with aCDOM(350), suggesting an increase in
the aromaticity of DOM in the storm event. SR, which correlates
negatively with the molecular weight of DOM (Helms et al.,
2008), generally decreased during the study period though it var-
ied little after 18:00, June 13, suggesting an increase in the molec-
ular weight of DOM in the storm event.
3.2. Fluorescence components and variation of intensities

Generally, there are two types of fluorophores: humic-like and
protein-like with maximum fluorescence at emission wavelengths
P370 nm and approximately 340 and 305 nm, respectively (Coble,
2007; Mudarra et al., 2011). Three fluorescent components were
identified using EEMs–PARAFAC in this study, including two hu-
mic-like (C1 and C3) and one combined (C2) component (Fig. 4).
C1 had two excitation maxima at 6250 and 335 nm and one emis-
sion maximum at 424 nm (Fig. 4A), similar to the humic-like C4 in
Stedmon and Markager (2005) and C3 in Chen et al. (2010). C2, with
excitation/emission maxima at 275/398 nm and a secondary peak at



Fig. 3. Temporal changes in the DOC concentration, absorption coefficient of CDOM (aCDOM(350)), carbon specific CDOM absorption coefficient at UV (SUVA254) and spectral
slope ratio (SR).

Fig. 4. Spectral characteristics of the three fluorescent components identified using parallel factor analysis.

Fig. 5. Temporal changes in the fluorescence intensities of components C(1–3) and their fractions in the total fluorescence.
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275/354 nm, covered the EEM spectral regions of both humic-like
and tryptophan-like fluorophores (Fig. 4B, Coble, 2007; Mudarra
et al., 2011). Therefore, C2 was a combined component containing
both humic-like and protein-like DOM, similar to C2 in Yang et al.
(2012a). C3, which had excitation/emission maxima at 260, 395/
458 nm (Fig. 4C), resembled the humic-like C2 in Singh et al. (2010).



Table 1
Correlations between compositional proxies of DOM (SUVA254: DOC-normalized
absorption coefficient at 254 nm; SR: absorption spectral slope ratio; C(1–3)%:
fractions of C(1–3) in the total fluorescence).

SUVA254 SR C1% C2%

SR �0.76***

C1% 0.05 �0.50*

C2% �0.89*** 0.88*** �0.48*

C3% 0.97*** �0.83*** 0.23 �0.97***

*** p < 0.001.
* p < 0.05.
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Fluorescence intensities of the humic-like C1 and C3 were cor-
related strongly (r = 0.92, p < 0.001), which showed moderate cor-
relations to that of C2 (r = 0.79, p < 0.001 and r = 0.51, p < 0.05,
respectively). C1 and C3 were also correlated with aCDOM(350)
(r = 0.67, p < 0.001 and r = 0.90, p < 0.05, respectively). C1 and C2
were correlated with DOC (r = 0.70, p < 0.01 and r = 0.75,
p < 0.001, respectively). Fluorescence intensities of C(1–3) all
showed notable increases during the rising limb of the stormflow
hydrograph, indicating the flushing of fluorescent DOM into the
river channel during the storm (Fig. 5). Thereafter, they showed
different variations during the falling limb of the hydrograph, with
the fluorescence intensity of C2 decreasing greatly and that of C3
remaining at relatively high values. There were also notable
changes in the composition of fluorescent DOM. C2% generally de-
creased from 29.4% to 23.1% while C3% increased from 17.6% to
23.2% between 18:00, June 12 and 18:00, June 13 (Fig. 5). In fact,
C2% and C3% showed a strong negative correlation (r = �0.97, Ta-
ble 1). The C1% varied within a smaller range (52.7–54.9%) than
C2% and C3%. The C1% increased during the rising-hydrograph of
the stormflow, then decreased overall until 18:00, June 13 and re-
mained constant thereafter.
4. Discussion

4.1. Influence of the summer storm event on the flux of DOM

Fluxes of DOC, CDOM and C(1–3) were calculated as the prod-
ucts of discharge (m3 s�1) and DOC (mg L�1), aCDOM(350) (m�1)
and Fmax of C(1–3) (RU), respectively. The DOC concentration in-
creased by 22% in the stormflow peak as compared to that at base-
flow (Fig. 3). This, in combination with the increase in the water
discharge during the storm event, led to an increase in the DOC flux
by five times from 0.4 kg s�1 at baseflow (at 9:35 June 11) to
2.0 kg s�1 at peak flow (at 0:00 June 13) in the North Jiulong River.
In fact, the DOC flux was strongly correlated with the water dis-
charge (r = 0.99, p < 0.0001). For comparison, the DOC flux during
stormflow can reach >10 times that at baseflow in both large rivers
(e.g., Kyungan River, Nguyen et al., 2010) and small rivers (e.g.,
Wailuku River, Wiegner et al., 2009; McGinnis Creek and Peterson
Creek, Fellman et al., 2009). The smaller increase in the DOC flux in
the North Jiulong River than those in previous studies was mainly
due to the smaller increase in the discharge. Many watershed char-
acteristics could affect the magnitude of changes in the water dis-
charge, the DOC concentration and the export of DOC in storm
events, such as watershed size, slope, land cover, soil permeability
and soil organic C content. Considering the important role of DOM
in the cycles of C, nutrients and metals, the fivefold increase in the
DOM flux in this study could influence many biogeochemical pro-
cesses in the river and receiving coastal sea.

The contribution of storm events to the annual export of DOC in
2011 in the North Jiulong River was estimated roughly. The annual
export flux of DOC was estimated by summing the daily flux of
DOC. Seven storm events (with accumulated precipitation
P50 mm in 24 h) were identified based on precipitation data and
fluxes of DOC in stormflows were summed. Daily flux of DOC
was estimated using two methods: (1) being retrieved from the
regression equation between DOC flux (y, kg s�1) and water dis-
charge during the observation period (x, m3 s�1) (y = 0.00191x,
r = 0.99, p < 0.0001) using daily average water discharge; (2) being
estimated as the product of daily average water discharge and DOC
concentration, with DOC concentration being retrieved from the
regression equation between DOC concentration (y, mg L�1) and
water discharge (x, m3 s�1) during the observation period
(y = 0.000358x + 1.65, r = 0.60, p < 0.01) using daily average water
discharge. The result suggested that stormflows (2.7% of the time)
contributed approximately 10% of the annual DOC export in 2011
in the North Jiulong River. The contribution of storm events to
the annual export of DOC in the medium-sized North Jiulong River
was smaller than those in small rivers (e.g., Kao and Liu, 1997; Buf-
fam et al., 2001; Wiegner et al., 2009; Raymond and Saiers, 2010),
due to smaller increases in the DOC flux during stormflows as men-
tioned above.

The fluxes of CDOM and fluorescent components were all corre-
lated significantly with discharge (r = 0.77–0.99, p < 0.001) and
showed large increases in the stormflow. This agreed with the case
of Kyungan River (Nguyen et al., 2010). The increment in CDOM
and fluorescent component fluxes in the stormwater may also be
in part due to a cross-correlation between these parameters and
DOC, which is commonly observed in aquatic environments
(Asmala et al., 2012). Somewhat differently, in a Welsh peatland
watershed, the levels of fluorescent components decreased due
to dilution effects despite an increase in the CDOM level in storm
events (Austnes et al., 2010). Overall, the present results indicated
the influence of summer storm events on the export of DOM and its
chromophoric and fluorescent constituents in the North Jiulong
River.

In spite of the fact that the fluxes of DOC, CDOM and fluorescent
components all increased with increasing discharge, there are also
differences between their response to the storm event. The DOC
flux was only slightly higher during the rising-hydrograph than
during the falling-hydrograph of the stormflow at a given dis-
charge (Fig. 6). The DOC flux was also greater during the falling-
hydrograph than during the rising-hydrograph at equal discharge
in a Welsh peatland watershed (Austnes et al., 2010) and a Korean
agricultural-forested watershed (Nguyen et al., 2010) (calculated
from their flow and DOC concentration data). Small-forested
watersheds in the eastern USA showed the opposite trend, where
the DOC concentration (and the DOC flux) during the rising-hydro-
graph are greater than those during the falling-hydrograph at
equal discharge (Buffam et al., 2001; Raymond and Saiers, 2010).
Therefore, although the DOC flux increases during the stormflow,
whether it is dominated by flushing or dilution effect during the
falling-hydrograph varies in different studies. This is probably in
part associated with differences in the flushing ability of storm
events (e.g., the precipitation), various terrestrial organic matter
pools, watershed area, land cover, geomorphology and soil perme-
ability, etc. For example, with a greater storm flushing and a smal-
ler pool size of terrestrial DOM, it is more probable that the
dilution effect dominates during the falling-hydrograph. On a long-
er time scale, the DOM level is much lower during post-flush peri-
ods than during flush periods in a tropical rainforest river (Spencer
et al., 2010). In addition, if there is a near-stream or in-stream
source of DOM during storms (e.g., the riparian zone), the concen-
tration and the flux of DOM might increase rapidly during the ris-
ing-hydrograph of stormflow, leading to a clockwise hysteresis
loop in the flux–discharge graph (Buffam et al., 2001; Hood et al.,
2006).

In contrast to the small difference between DOC fluxes during
the rising and falling hydrographs, fluxes of CDOM and fluorescent
components during the falling-hydrograph were higher than those



Fig. 6. Flux–discharge graphs of DOC, CDOM and C3 during the study period (flux–discharge graphs of C(1–2) were similar to that of C3).
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during the rising-hydrograph at equal discharge, showing evident
counterclockwise hysteresis loops in the flux–discharge graph
(Fig. 6). This resulted from that CDOM and fluorescent components
(especially C1 and C3) remained at high levels during the falling-
hydrograph. Similarly, the CDOM level remained at high levels
for several days after a storm event in a peatland watershed (Event
3 in Austnes et al., 2010). The enhanced light-absorption by CDOM
in the storm event would increase the light attenuation in the
water column and decrease the aquatic primary production, which
may also be decreased by the increasing suspended sediment load
and the reducing water residence time but be increased by ele-
vated nutrient level in the storm event.

4.2. Influence of the summer storm event on the composition of DOM

Since humic-rich terrestrial organic matter was flushed into the
river channel and bulk DOC, CDOM and fluorescent components
exhibited different dynamics, it was reasonable that there was a
notable change in the river DOM composition in the storm event.
On one hand, the increase in SUVA254 and the decrease in SR sug-
gested an increase in the aromaticity and molecular weight of
DOM in the storm event (Fig. 3; Weishaar et al., 2003; Helms
et al., 2008). On the other hand, after the flow peak, CDOM, C1
and C3 remained at elevated levels while the level of C2 decreased
notably. The fraction of C3 which emitted fluorescence at longer
emission wavelengths increased, while that of C2 (including pro-
tein-like DOM) which fluoresced at shorter emission wavelengths
decreased (Fig. 5). There were strong correlations between
SUVA254, SR, and C(2–3)% (Table 1). The positive correlation be-
tween SR and C2% also suggested that the combined component
was likely to have a lower average molecular weight than the hu-
mic-like components. Similarly, Nguyen et al. (2010) revealed that
the protein-like fraction in synchronous fluorescence correlated
negatively with the average molecular weight determined by size
exclusion chromatography. Huguet et al. (2010) reported that the
protein-like fluorescence occurred in the low molecular size frac-
tion (<1 kDa) separated with ultra-filtration.

Changes in the level and composition of DOM in the North Jiu-
long River during the storm event were probably associated shifts
in inputs of DOM from various sources. Under the baseflow condi-
tion, the flowpath of DOM from the land to the river was mainly
through the groundwater discharge in the lower, organic-poor
mineral soil horizons, limiting the input of terrestrial DOM. The
proportion of autochthonous DOM was higher in the baseflow than
in the stormflow, which generally had lower molecular weight and
aromaticity but a higher percentage of protein-like fluorophores
than terrestrial DOM (Yamashita et al., 2010; Hong et al., 2012).
Therefore, the DOC concentration, aCDOM(350), fluorescence inten-
sities of C(1–3), SUVA254, C1% and C3% were lower but SR and C2%
were higher in the baseflow than in the stormflow (Figs. 3 and 5).

Under the stormflow condition, surface runoff through the or-
ganic-rich upper soil and litter horizons in both the riparian zone
and upper hillslopes increased greatly, enhancing the flow of allo-
chthonous DOM into the river. DOM from the riparian zone
(including wetlands, residential areas and agricultural lands) was
flushed into the river most rapidly. Surface runoff from forested
hillslopes also rapidly transported DOM (which originated from
leaching of plants by throughfall and leaching of surface soil and
litter) into the river. The inflow of DOM from those riparian and
surface sources probably led to increases in the DOC concentration,
aCDOM(350), fluorescence intensities of C(1–3), SUVA254, C1% and
C3% but decreases in SR and C2% from the baseflow to the flow peak
(Figs. 3 and 5). In particular, DOM from residential areas contained
abundant protein-like fluorophores and could explain in part the
increase in the fluorescence intensity of C2 (Yang et al., 2012b).
Rainfall and leachate of plants might also contain C2 (Ohno and
Bro, 2006; Kieber et al., 2007). Wetlands probably contributed
more humic-like materials (Hood et al., 2006; Fellman et al.,
2009; Williams et al., 2010). DOM from the leaching of plants, sur-
face soil and litter were likely fresh and less humified, which could
explain increases in the fluorescence intensity of C1 and C1%. The
C1 fluoresced at shorter emission wavelengths than C3 and was
likely less aromatic/humified.

After the rapid flushing, the contribution of DOM from riparian
and surface sources decreased while that from deeper humified
soil organic matter in forestlands increased. The more humified
DOM was leached and carried by waters penetrating into the soil
and flowing out more slowly than surface runoff. This DOM from
forest soils was dominated by condensed, high molecular weight
humic materials with strong light absorption (Yamashita et al.,
2011; Yang et al., 2012b). Therefore, although the DOC concentra-
tion and fluorescence intensity of C2 decreased after the flow
peak, aCDOM(350), fluorescence intensities of humic-like C1 and
C3, SUVA254 and C3% remained at high levels while SR and C2%
was low (Figs. 3 and 5). The C1% also showed an overall decreas-
ing trend after the flow peak since the more humified C3 was
probably more abundant than C1 in the humified layer of forest
soils.

How the composition changed with the flux was examined for
CDOM and fluorescent components (Fig. 7). The SR-CDOM flux
graph showed an overall clockwise hysteresis loop, suggesting that
DOM had a higher average molecular weight (and also a higher
aromaticity, considering the correlation between SUVA254 and SR)
during the falling-hydrograph than during the rising-hydrograph
at equal CDOM flux. This was mainly due to the decrease in SR

lagged behind discharge, since SR generally decreased with increas-
ing aCDOM(350) and showed no hysteresis loop with aCDOM(350). In
addition, C2% was lower during the falling-hydrograph than during
the rising-hydrograph at equal flux of C2. This was associated with
the decrease in C2% lagged behind both discharge and Fmax of C2.
Overall, the changes in the composition lagged behind those in
the flux of DOM and could last after the water discharge had de-
creased, indicating the important influence of the storm event on
the DOM composition.



Fig. 7. Typical graphs of compositional proxy vs. flux for CDOM and fluorescent components in the storm event (note significant correlations for SUVA254 vs. SR, C3% vs. C2%
(Table 1) and fluxes of C1 and C3 vs. flux of C2 (r = 0.98–0.93, p < 0.001)).
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The biogeochemical reactivity of DOM is largely determined by
its chemical composition. For example, several studies illustrate a
positive correlation between the bioavailability and the protein-
like fraction of DOM (e.g., Fellman et al., 2009, 2010). In contrast,
humic-like DOM is probably more susceptible to photochemical
degradation (Kieber et al., 2007; Spencer et al., 2009). The compo-
sitional change of DOM in the storm event would affect its biogeo-
chemical role in the Jiulong River and the receiving estuarine and
coastal waters.
5. Conclusions

Both the flux and composition of DOM showed notable changes
during a summer storm event in the subtropical Jiulong River. A
significant increase in the flux of DOC, CDOM and fluorescent com-
ponents during the storm event indicated the substantial impact of
the storm event on the export of DOM and its chromophoric and
fluorescent constituents. Stormflows (<3% of the time) could con-
tribute �10% of the annual DOC export. The flux–discharge graphs
of DOC, CDOM and fluorescent components were different. The flux
of DOC was only slightly higher during the rising-hydrograph than
during the falling-hydrograph of the stormflow at equal water dis-
charge, while those of CDOM and fluorescent components (in par-
ticular, humic-like C1 and C3) were elevated notably in the falling-
hydrograph. Such differences in the transport and behavior of DOM
and its components might be associated with inputs of various
DOM sources in the watershed. An increase in SUVA254 accompa-
nied with a decrease in SR suggested a notable increase in the aro-
maticity and average molecular weight of DOM in the storm event.
The fraction of C3 which emitted fluorescence at longer emission
wavelengths increased, while that of C2 (including protein-like
DOM) decreased. These four compositional proxies correlated to
each other and were probably affected strongly by the enhanced
inflow of terrestrial organic matter during the storm event. The re-
sults showed that changes in the flux and chemical composition of
DOM during storm events could be monitored effectively by
absorption spectroscopy and EEMs–PARAFAC at high temporal res-
olution. The export of DOM via storm runoff is expected to affect
biogeochemical processes in the Jiulong River and the receiving
coastal waters. Therefore, although storms are relatively short-
lived events, they have significant ramifications for the biogeo-
chemistry of receiving waters.
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