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a b s t r a c t

The extreme flooding event (EFE) acts as the essential role in the export of riverine total dissolved iron 
(TDFe) which limits primary productivity in marine ecosystems. In order to reveal the influence of EFE 
on the variation of TDFe, water samples were collected in the Yalu River, as a typical boreal forest catch-
ment in China, to analyze TDFe concentration and speciation as well as relevant water quality param-
eters during EFE together with regular flood season (RFS) and base flow period (BFP). The results 
indicated TDFe concentration represented a significant increase trend during EFE, with an average 
concentration of 0.24 mg/L. The TDFe species was dominated by Fe(III) in low-molecular-weight by 
filtration and ultra filtration methods. The impulse of TDFe concentration during EFE can be attributed 
to the hydrological connection to the riparian wetlands and intensive territorial runoff. The correlation 
analysis indicated that dissolved organic matter (DOM) with high values of high humification degree 
(HIX) served as the crucial chelation of Fe(III). Furthermore, the dynamics and migration of TDFe 
and DOM may potentially influence the water quality in the catchment via altering the transport of 
nutrients and trace metals, which merits closer attention at the background of global climate changes.
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1. Introduction

As one of the most abundant element in the Earth’s 
crust, iron (Fe) widely exists in different aquatic ecosys-
tems, participating in various ecological and physiological 
processes, such as photosynthesis, biological nitrogen fixa-
tion, and biomass production [1]. Recently, there has been 
an increasing concern on the variation of riverine total dis-
solved iron (TDFe) output to the ocean due to its function 
in controlling the primary production in the marine ecosys-
tems known as high-nitrate and low-chlorophyll (HNLC) 
regions [2–4]. The Okhotsk Sea, unlike other HNLC region 
of Northern Pacific, is characterized by high phytoplankton 
productivity owing to the sufficient inputs of TDFe from the 

Amur River [5]. As a consequence, researches on the bio-
geochemical cycling of Fe has been a hot spot in this boreal 
river basin [6,7]. Our previous researches have revealed that 
the Songhua River, as the largest tributary of Amur River, 
played a critical role in export of TDFe [8,9]. However, as an 
important landscape in the Songhua River basin, it is still 
rarely reported regarding to the concentration and specia-
tion of TDFe in the boreal forest catchments in the basin.

As a link between territorial and aquatic ecosystems, 
dissolved organic matter (DOM) is a fundamental constit-
uent that influences biogeochemical cycling of Fe serving 
as the most principal ligand and transport vector in boreal 
rivers [10,11]. In freshwater, Fe(II) can be rapidly oxidized 
to Fe(III) and precipitate as Fe oxyhydroxides; whereas 
due to the affinity of DOM for Fe, a large quantity of Fe is 
complexed with DOM in equilibrium with Fe (oxy) hydrox-
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ides in boreal rivers [12]. DOM is a heterogeneous complex 
of organic compounds, different quality (e.g. molecular 
weight, humification degree, aromaticity etc.) exhibits dif-
ferent properties in binding Fe, which further influences its 
solubility, stability and bioavailability. However, it remains 
virtually unknown that the chemical structure of Fe-DOM 
complexes represented by soil fulvic DOM or autochtho-
nous microbial exometabolites and its transformation prod-
ucts [13]. Therefore, to further reveal the biogeochemical 
properties of Fe-DOM complexes, it causes pressure to 
reveal the links between TDFe and DOM quality in boreal 
aquatic environments.

Owing to global climate change, the recession rate of 
flooding event has been enhanced coupled with frequently 
occurred rainstorm in boreal region, becoming an import-
ant explanation of increasing TDFe output in the boreal 
rivers and streams over recent decades, which is also the 
case for the Songhua River [14–17]. It is well-established 
that the flooding event exerted a dominant influence on 
the export of riverine TDFe, while the hydrological connec-
tivity between Fe sources and the surface water draining 
the catchment controls TDFe flux, likewise DOM [8,18,19]. 
Therefore, it is crucial to determine variations in the con-
centration and speciation of TDFe and the significance of its 
environmental impact on the boreal catchments during the 
flooding event.

In 2013, an extreme flooding event (EFE) induced by 
intensive and prolonged rainfall occurred in the Yalu River, 
a typical boreal forest catchment in the Songhua River 
Basin. Thus, this study presents the relevant data moni-
tored during this event, together with regular flood season 
(RFS) and base flow period (BFP) in 2014 and 2015, with the 
following aims: (i) to reveal the variation of TDFe concen-
tration and speciation during EFE; (ii) to investigate the ori-
gin of TDFe; and (iii) to discuss its potential environmental 
impact on the water quality. 

2. Methodology

2.1. Study area

The Yalu River is one of the main tributaries of the 
upper Songhua River (Nenjiang River), with a length of 
398 km. The river basin (47°53′–48°52′N, 121°25′–122°52′E), 
covering 20,600 km2 (Fig. 1). The basin at the upstream 
areas of Zhalantun is mainly composed of forests and 
wetlands, accounting for over 75% and 12% of the basin 
area, respectively (Table 1), where the complex mosaic of 
forests and scattered wetlands is characterized by organi-
cally rich soils that are traversed by network of rivers and 
streams. Whereas the anthropogenic interference in the 
basin is relatively limited with no more than 10% of the 
basin area as farmland and residential area. The annual 
average temperature varied between –5°C and 4°C, with 
an average frozen period of 130 days from November to 
April in the next year. The annual precipitation fluctuates 
from 420 mm to 480 mm, 65–75% of which occurs from 
June to August and the rainstorm center usually located 
around Zhalantun City. According to the monthly runoff 
(Fig. 2), RFS consists of July and August, taking account 

Fig. 1. The location of sampling sites.

Table 1
The landscape elements of the Yalu River catchment

Landscape Area (km2) Proportion (%)

Forests 5206 75.8
Wetlands 872 12.7
Farmland 519 7.6
Meadow 193 2.8
Residential area 80 1.2
Total 6870 100
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for 56% of the annual runoff with an average of 2.32 billion 
m3; whereas BFP comprises May, June, and October in the 
current study.

In 2013, an extreme flooding event occurred in the Son-
ghua River Basin with an average precipitation of 459 mm, 
which was 30% more than the average value (352 mm). 
Meanwhile, the precipitation achieved 563.7 mm in the 
Nenjiang River Basin, which was approximately 40% more 
than the average value of 406.8 mm. The associated flood-
ing resulted in an over 50-year return in the Nenjiang River 
and the second severed flooding event ever recorded in the 
Yalu River. While in both 2014 and 2015, the river was in a 
regular hydrological condition.

2.2. Sample collection

Water samples were collected according to standard 
methods from Water Quality-Technical Regulation on the 
Design of Sampling Programs (HJ 495-2009, China EPA) at 
the Yaluhe Bridge (48°00′30″N, 122°42′56″ E) in Zhalantun 
City, during EFE from July to September in 2013, RFS in 
2014 and 2015, as well as BFP from 2013 to 2015. The col-
lected water sample of 2.0 L were immediately stored in a 
portable refrigerator (4°C) and transported to the labora-
tory for further treatment and analysis.

2.3. Sample analysis

In the current study, fractions of TDFe were determined 
by the ultra filtration method (i.e. cross-flow filtration, CFF) 
established in our previous researches [8,20]. The recovery 
rate was 94.7–104.2% with a detection limit of 0.002 mg/L. 
Fe(II) concentration were measured using an ET7406 Fe Tes-
ter (Lovibond, Dortmund, Germany) with o-Phenanthroline 
spectrophotometric method in situ and Fe(III) concentra-
tion were calculated as the difference between LMWFe and 
Fe(II) [21]. The concentrations of other Fe speciation as well 
as Mn were determined by a flame atomic absorption spec-
trophotometer (GBC 932, GBC Scientific Equipment Pty, 
Ltd, Braeside, Australia). Dissolved organic carbon (DOC) 
was analyzed using a TOC-VCPH (SHIMADZU, Kyoto, 
Japan). The concentrations of ammonium (NH4

+-N), nitrate 
(NO3

–-N), phosphate phosphorus (PO4
3–-P) in each sample 

were measured using a discrete auto analyser (Mode Smart-
chem 200, AMS, Rome, Italy). 

The indices of humification index (HIX) and biological 
index (BIX) were obtained by a fluorescence spectropho-
tometer (Cary Eclipse, Varian, Palo Alto, USA) with a scan 
speed of 600 nm/min and a slit of 5 nm. HIX was defined 
as the ratio of the area under the emission spectra between 
the quarter (Σ435–480 nm) and (Σ300–345 nm) at λex = 254 
nm [22,23]; BIX was defined as the ratio of two fluorescence 
intensities (i.e. the intensity ratio of Iλem=380/Iλem=430) at λex = 
310 nm [24].

2.4. Data analysis

Statistical analysis and linear regression were con-
ducted using SPSS 23.0 statistical software (SPSS Inc., Chi-
cago, USA). Spearman correlation analysis was performed 
to analyze the correlation between different Fe speciation 

and other parameters since all the data did not show a nor-
mal distribution pattern by Q-Q probability plot analysis. 
One-way analysis of variance (ANOVA) was performed to 
compare the differences of data monitored during different 
periods. The difference was considered significant if P < 
0.05.

3. Results and discussion

3.1. Parameter set of DOM and basic aquatic quality 

During EFE, DOC values increased significantly (P < 
0.01) compared with RFS (averaged at 4.21 mg/L) and BFP 
(averaged at 3.37 mg/L), fluctuating from 5.08 mg/L to 
8.42 mg/L with an average of 7.17 mg/L (Table 2). On the 
basis of the increase in the C/H ratio, the maturation extent 
of DOM was determined by HIX which is also employed 
to investigate the humification degree, aromaticity, molec-
ular weight as well as bioavailability of DOM within natu-
ral system. HIX values of the water samples in the current 
study mainly fluctuated in a range from 6 to 12, indicating 
DOM has an important terrestrial originated humic charac-
ter while a weak recent autochthonous component [22,23]. 
Compared with BFP, HIX increased during EFE and RFS 
due to enhanced inputs of terrestrial DOM characterized 
by an increasing humification degree, molecular weight as 
well as aromaticity, which were consistent with the previ-
ous studies in other rivers [25–27]. BIX was recently pro-
posed to assess the relative contribution of autochthonous 
DOM. In the current study, the values of BIX varied around 
0.6 without seasonal variation, even during EFE, demon-
strating the limited autochthonous component of DOM, 
which was agreed with other studies [28,29]. To sum up, 
the quality indices showed a predominance of terrestrial 
origins in DOM chemical composition, with significant fluc-
tuations during EFE due to the alteration of DOM sources 
in the catchment. 

The water quality was fit for the grade-III surface water 
criterion according to the Environmental Quality Standard 
for Surface Water (GB3838-2002, China EPA) during all the 
monitored periods. During EFE, the concentrations of nutri-
ents including NH4

+-N, NO3
–-N and PO4

3–-P averaged 0.12, 
0.98 and 0.08 mg/L, respectively, which also demonstrated 
a trend of significant increase (P < 0.01) compared with 
those during both RFS and BFP (Table 2), due to the integra-
tion of nutrients from different sources into the catchment 
via storm runoff [30]. However, the values of Mn concen-
trations maintained steadily among all these periods (P > 
0.05).

3.2. The variations of TDFe concentrations during EFE

During EFE, the concentrations of TDFe fluctuated from 
0.12 mg/L to 0.31 mg/L with a mean value of 0.24 mg/L, 
representing a significant increase (P < 0.01) compared with 
those (0.16 mg/L–0.28 mg/L, mean 0.20 mg/L) during NSP 
(Fig. 3). The minimum level of TDFe concentrations was 
observed during BFP, varying between 0.10 mg/L and 0.25 
mg/L averaged at 0.15 mg/L. 

It was documented that TDFe concentration was 
0.14 ± 0.25 mg/L during flood season and 0.07 ± 0.09 mg/L 
during low water period in eastern China rivers [31]. By 
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comparison, TDFe content in the Yalu River was at a rela-
tively high level, which is in line with that the boreal rivers 
are commonly characterized by a high TDFe content [32]. 
This may be attributed to the geological conditions of the 
catchment filled with iron-rich terrigenous sedimentary, 
volcanogenic and intrusive rocks (Fe contents range from 
3% to 6%) as well as soils (available Fe contents vary from 
3% to 5%). Furthermore, it is a common feature that TDFe 
concentrations in rivers may remarkably correlate to the 
discharge in association with precipitation intensity and 
amount [33,34]. As a consequence, the territorial runoff 
during EFE can drive soil erosion and leaching, carrying a 
huge amount of iron-rich fine soil particles into the receiv-
ing river and enhancing the activation and release of TDFe 
[35,36]. Moreover, during the flooding event, it is the hydro-
logical connectivity between the biogeochemical sources of 
Fe and surface water that is of fundamental importance for 
deciphering the pattern and dynamics of TDFe [37,38]. A 
high accumulation of TDFe has been documented in both 
wetland soils and surface water in boreal wetlands 20, 
which are intensively distributed in the riparian zones of 
the Yalu River. Hence, the riparian wetlands donated a sig-
nificance of TDFe to the river via buffering the flood during 
EFE; whereas, it may be isolated to the river during BFP, 
limiting the export of TDFe [39]. 

Nevertheless, compared with TDFe concentrations 
averaged at 0.69 mg/L in the mainstream of the Songhua 
Rive during the current EFE in 2013 [16], the forest catch-

ment did not contribute TDFe to a large extent, which may 
be attributed to the relatively low share of wetlands in the 
basin of Yalu River, together with restraining the intensity 
of territorial runoff by the vegetation in the forests.

3.3. The variations of TDFe species during EFE 

Based on the molecular size, TDFe existed primarily 
in the species of LMW, the relative proportions of TDFe 
species varied according to the order LMWFe > HMWFe 
> MMWFe during each monitored period (Fig. 2). Fe(III) 
was the dominant speciation during all the monitored peri-
ods, whose proportion increased significantly during EFE 
(62.5%) and RFS (61.0%), compared with that during BFP 
(50.4%). 

A remarkable correlation between DOC and TDFe (P 
< 0.01) was observed during both EFE and RFS (Fig. 4), 
whereas it was not the case during BFP (P > 0.05), inti-
mating the important function of DOM on TDFe export 
and migration during the flooding season/event. More-
over, a significantly positive correlation between Fe(III) 
and HIX (P < 0.01) was obtained during both EFE and 
RFS (Fig. 5), indicating that fulvic DOM with high molec-
ular weight, aromaticity and large size fractions may be 
the crucial chelation of Fe(III) and contribute largely in 
forming Fe(III)-DOM complexes, due to the high den-
sity of carboxylate functional groups which have high 
selectivity and affinity for Fe(III) [40]. Additionally, it 
was documented that the molecular size of TDFe in the 
wetland surface water was in the same pattern as that 
observed in the current study, whereas DOM from the 
territorial runoff under the forests may not be as enriched 
in aromatic, high molecular weight humic-like organic 
compounds as that in the wetland due to its relatively 
low values of HIX, confirming that the wetlands may 
be the crucial source of TDFe in the Yalu River [41–43]. 
Furthermore, the complexation of Fe(III) to fulvic DOM 
may reduce its bioavailability via inhibiting enzymatic 
processes and the generated Fe(III)-DOM complexes are 
generally considered to be transported over longer dis-
tance compared with Fe (oxy) hydroxides that are more 
likely to aggregate and settle [44]. It may further influ-
ence the downstream water quality via altering environ-
mental processes and ecotoxicity of the pollutants that 
associated with Fe (oxy) hydroxides. 

In the context of global climate change, the intensifi-
cation of precipitation and flooding event would result in 

Table 2
The aquatic quality parameters in the Yalu River

Period Statistics DOC NH4
+-N NO3

–-N PO4
3–-P Mn BIX HIX

mg/L mg/L mg/L mg/L mg/L

EFE (N=54) Range 5.08–8.42 0.05–0.22 0.31–1.98 0.01–0.15 0.01–0.05 0.53–0.65 6.22–11.76
Mean ± SD 7.17 ± 0.93 0.12 ± 0.05 0.91 ± 0.46 0.08 ± 0.05 0.03 ± 0.01 0.58 ± 0.05 9.69 ± 1.82

RFS (N=45) Range 3.03–5.88 0.03–0.13 0.40–1.08 0.01–0.08 0.02–0.06 0.55–0.64 5.08–9.12
Mean ± SD 4.21 ± 1.12 0.06 ± 0.03 0.64 ± 0.21 0.05 ± 0.03 0.04 ± 0.01 0.59 ± 0.03 7.11 ± 1.46

BFP (N=30) Range 1.83–5.75 0.05–0.16 0.22–0.68 0.01–0.05 0.03–0.05 0.58–0.66 5.67–8.12
Mean ± SD 3.37 ± 1.18 0.08 ± 0.05 0.44 ± 0.27 0.02 ± 0.02 0.04 ± 0.01 0.61 ± 0.04 6.76 ± 1.26

Fig. 2. Average monthly runoff of the Yalu River at Zhalantun 
City.
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Fig. 3. Variation of TDFe concentration and speciation during different periods.

Fig. 4. Linear regression of total dissolved iron and dissolved organic carbon.

Fig. 5. Linear regression of Fe(III) and humification index.
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the reinforcement of TDFe migration and dynamics in the 
boreal catchments, providing a crucial sequence of nutrient 
cycling in the catchments [45,46]. In the current study, a sig-
nificant positive correlation was observed between Fe(III) 
and PO4

3–-P (Table 3), suggesting the formation of coordi-
nation complexes of Fe-DOM can also absorb phosphate 
in water column [47,48]. Moreover, Fe(III) also positively 
correlated with NO3

–-N, since bacteria can take Fe(III) as 
electron acceptor to produce energy by oxidizing NH4

+-N 
into NO3

–-N [49]. Thus, the variations of TDFe concentra-
tion and speciation during EFE may promote the release of 
nutrient elements from the sediment-water interface and 
riparian zones, which would consequently have potential 
impacts on the water quality and aquatic ecosystem such as 
eutrophication. 

The synchronous impulse of TDFe and DOM during 
EFE resulted in the generation of stabilized Fe(III)-DOM 
complexes, which suppressed Fe (oxy)hydroxides precipi-
tation, even at neutral pH values, which may enhance the 
riverine transport of trace metals and metalloids (e.g. Pb, 
As, Cr, Co) [50,51]. It has been highlighted that Fe (oxy)
hydroxides act as essential carriers for various (toxic) trace 
metals and the growth and agglomeration of Fe (oxy)
hydroxides in stream will settle out in the slow-flowing 
sections of rivers, lakes, reservoirs or estuaries, co-precip-
itated with trace metals [52,53]. These deposits may, how-
ever, be remobilized during the flooding event because 
of the wet-dry cycles that may convert the oxidizing and 
reducing conditions in the riparian zones via alteration of 
Fe/Mn dynamics [54]. These processes may further facil-
itate the mobility of the redox-dependent trace metals 
together with their speciation and bioavailability, which 
would certainly have potential effects on the aquatic 
ecosystem [55]. However, it is still difficult to determine 
exactly how the impulse TDFe export influence the rela-
tive ecological processes in the boreal catchment and rele-
vant ecosystems based on existing data. Further research 
is still needed to explore its environmental impacts in the 
future.

4. Conclusion

This study illustrates that the flooding event is in an essen-
tial position to TDFe transportation in the boreal forest catch-
ment. The concentration of TDFe averaged at 0.24 mg/L with 
a trend of significant increase during EFE compared with that 
in RFS (0.20 mg/L) and BFP (0.15 mg/L), which was largely 
upon to hydrological connection to the riparian wetlands. 
However, the forest river may not be the major donator of 
TDFe to the Songhua River during EFE due to its relatively 
low concentration. The speciation of TDFe was dominated 
by Fe(III) at low molecular weight during all the monitored 
periods, accounting for more than 60% of total concentration 
during both EFE and RFS and over 50% during BFP. The vari-
ation of TDFe concentration and speciation during EFE was 
strongly correlated with the quantity and quality of DOM 
in the river water. Furthermore, TDFe may chiefly export as 
Fe(III)-DOM complexes accompanied by the transport and 
bioavailability of nutrient and trace metal which may further 
influence the water quality in the catchment due to its stabil-
ity and transportability.
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