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Abstract Absorption characteristics of optically active sub-
stances, including non-algal particles, phytoplankton, and chro-
mophoric dissolved organic matter (CDOM), were measured in
conjunction with environmental factors in five rivers within the
Liaohe River watershed. Spectral absorption of non-algal parti-
cles [anap(N)] was similar to that of total particles for most sam-
ples, suggesting that the absorption of the total particles [ay(N)]
was dominated by anap(A). The CDOM absorption spectra
[@cpom(N)] of West Liaohe and Taizihe rivers were easily distin-
guished from those of Hunhe, Liaohe, and East Liaohe rivers.
Redundancy analysis indicated that absorption by optically ac-
tive substances and anthropogenic nutrient disturbances probably
resulted in the diversity of water quality parameters. The envi-
ronmental variables including dissolved organic carbon, total
alkalinity (TAlk), and total nitrogen (TN) had a significant cor-
relation with CDOM absorption at 440 nm [acponm(440)]. There
was almost no correlation between a,(\) and chlorophyll a, TN,
total phosphorus, and TAlk. Moreover, total copper ion concen-
tration and mercury ion concentration had a strong correlation
with ap(440), ap(675), aNAp(440), and aNAp(675). The
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concentration of total aluminum ions exhibited a positive corre-
lation with a,(675) and anap(675) (p < 0.05), and a significant
correlation was observed between total arsenic concentration and
acpom(440). Furthermore, the interaction between metal ions
and optically active substances provided an insight into particu-
lates and CDOM properties linked to water quality characteristics
for rivers in semiarid areas.

Keywords Liaohe River - Absorption characteristics -
Particulates - CDOM - Heavy metals

Introduction

The absorption properties of chromophoric dissolved organic
matter (CDOM) and suspended particulate matter (algal and
non-algal particles) are the inherent optical properties (IOPs) of
natural waters. The IOPs are the most significant factors affecting
light propagation within water columns, and they play an impor-
tant role in determining the underwater light climate and bio-
optical algorithms for water quality assessment using remote
sensing. As a result, the IOPs are critical parameters in radiative
transfer models in a water column and bio-optical models for
estimation of aquatic biomass and carbon pools (Tilstone et al.
2005; Zhang et al. 2007a; Li et al. 2013).

The total absorption of natural waters [a()\)] consists of ab-
sorption of CDOM [acpom(M)], phytoplankton [a,n(A)], non-
algal particles [anap(N)], and pure water [ay(A\)]. As the pure
water absorption at a given wavelength is constant, the absorp-
tion properties of IOPs, resulting in the attenuation of solar radi-
ation in aquatic ecosystems, are determined by phytoplankton,
non-algal particles, and CDOM. Previous studies have provided
valuable evidence on the optical properties of suspended sedi-
ment in class II waters (Babin et al. 2003; Stramski et al. 2004;
Binding et al. 2008). In general, particle size and composition
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determine the optical behavior of suspended sediments, resulting
in large variations of optical properties in the dynamic regions of
coastal, river delta, and shelf seas (Binding et al. 2005; Long and
Pavelsky 2013). Moreover, CDOM, as one of the major light-
absorbing constituents in natural waters, absorbs the solar radia-
tion in the ultraviolet and visible ranges and is largely responsible
for the bio-optical properties of natural water (Organelli et al.
2014; Wen et al. 2016). In aquatic systems, phytoplankton com-
petes with non-algal particles and CDOM for photosynthetically
active radiation (PAR) (Vihétalo et al. 2005). Many studies have
confirmed that the contribution of phytoplankton to the total
absorption of PAR ranges from nearly zero to almost 100%,
and the differences in the contributions of phytoplankton and
CDOM will influence the maximum photosynthetic rate
(Véhitalo et al. 2005; Zhang et al. 2007a; Kalenak et al. 2013).
Correlations between many water quality parameters (chlo-
rophyll a [Chla], dissolved organic carbon [DOC], total
suspended matter [TSM], total nitrogen [TN], total phospho-
rous [TP], and others) and a(A) have been discussed in many
previous studies (Gonnelli et al. 2013; Kitidis et al. 2006; Niu
et al. 2014; Phong et al. 2014), while the other physicochem-
ical parameters of water, such as heavy metal concentrations
including arsenic (As), iron (Fe), and mercury (Hg), have also
been investigated in different aquatic environments (Maloney
et al. 2005; Schelker et al. 2011; Xiao et al. 2013). Generally,
anap(A) is closely correlated with TSM, inorganic suspended
matter (ISM), and organic suspended matter (OSM), while
significant positive correlations were found between a,u(\)
and Chla (Zhang et al. 2007a; Binding et al. 2008).
Significant positive relationships between CDOM absorption
and DOC have been found for most class I and class II waters
(Zhang et al. 2007a; Del Castillo and Miller 2008; Fichot and
Benner 2011; Spencer et al. 2012; Hestir et al. 2015; Shao
et al. 2016). More importantly, the relationship between the
absorption of CDOM and Chla concentration has received
widespread attention because the strong absorption of
CDOM in the blue spectral region interferes with the determi-
nation of Chla concentration by remote image sensing (Siegel
etal. 2005; Zhang et al. 2009). Relationships between CDOM
absorption at particular wavelengths and Chla concentrations
were identified in Lake Taihu, the central eastern
Mediterranean Basin (Zhang et al. 2007b; Bracchini et al.
2010), the NW Mediterranean Sea (Organelli et al. 2014),
and in potable waters in northeast China (Shao et al. 2016).
According to the previous studies, the distribution of heavy
metal concentrations in water depends on the three kinds of
water components, i.e., the suspended sediments, phytoplank-
ton, and dissolved organic matter (DOM) (Chen et al. 2010).
The absorption of CDOM in various waters has been shown to
be associated with the concentrations of heavy metals. Studies
published to date confirmed strong relationships between ions
and CDOM in different study areas (Kalbitz and Wennrich
1998; Maloney et al. 2005; Schelker et al. 2011; Xiao et al.

2013; Gao et al. 2016). Total ferric ion concentration (TFe)
was found to be strongly related to acpom(320) in the 0—12-
m-depth layer of a humic and mesotrophic lake (Lake
Lacawac) and to DOC in Suwannee River (Maloney et al.
2005; Xiao et al. 2013). Numerous studies have shown strong
positive relationships between total mercury ion concentration
(THg) and DOC in stream water (Schuster et al. 2008;
Selvendiran et al. 2008; Dittman et al. 2009; Schelker et al.
2011). The concentration of total chromium ion (TCr), THg,
total copper ions (TCu), and total arsenic ions (TAs) in soil
percolates was positively correlated with DOM, while initial
DOM concentrations and dissolved arsenic concentrations
showed a linear relationship for aquatic experiments (Kalbitz
and Wennrich 1998; Anawar et al. 2003). However, compared
with the number of studies on the relationship between DOM
(DOC/CDOM) and heavy metals, fewer investigations are
focused on the interaction between apy(A), anap(M), and the
metal ions (Estapa et al. 2012), although characterization of
such interaction is critical for understanding the characteristics
and sources of the main constituents responsible for optically
active substance absorption.

The Liaohe River watershed (LHW) is located in a
semihumid/semiarid temperate continental climate zone, has
many heavy industry cities in northeast China, and thus pro-
vides a uniquely diverse mix of local environments that allow
researchers to study nutrient status, IOPs and apparent optical
properties (AOPs), and primary production of riverine waters.
Rivers in LHW present a wide range of pollution severity:
pollution is generally light in the main stream, moderate along
the tributaries, but severe downstream from large urban areas
and petroleum-processing facilities according to National
Surface Water Quality Monthly Report of China in
September 2013. Based on the previous studies and the spe-
cial geographical environment of LHW, the objectives of this
study were to (i) characterize spatial variations of the absorp-
tion coefficients of five rivers in LHW and (ii) determine the
environmental factors influencing the absorption coefficients.
Consequently, the present study will contribute to bio-optics
and studies of water quality using remote sensing and help
look into the interaction between optically active substances
and heavy metals in rivers of LHW with unique climatic and
hydrological conditions.

Materials and methods
Study area

The LHW located in the south of northeast China (116° 30'—
125°47'E, 38° 43'-45° N) (Fig. 1) is bounded in the north by
Songhua River watershed and the south by Bohai Bay. The
LHW drains an area of approximately 22.9 x 10* km? and
consists of Jilin, Liaoning, and Hebei provinces and the
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Fig. 1 Study area location and distribution of sampling sites

Inner Mongolia autonomous region. The Liaohe River system
(LHRS) comprises two independent stream networks that
flow in the approximate north—south direction and empty into
the Bohai Sea. The first network encompasses the East and the
West Liaohe rivers (Table 1). The West Liaohe River (WLR),
including Xilamulun, Laoha, Xinkai, and Jiaolai rivers, is the
largest tributary of the first river network, while the East
Liaohe River (ELR) is the biggest tributary in the east of
LRW. The second stream network, i.e., the Big Liaohe
River, includes the Hunhe (HHR) and Taizihe (TZR) rivers
as its main tributaries and empties into the Bohai Sea at
Yingkou City (Table 1). The study area is located in a
semihumid/semiarid temperate continental climate zone with
the mean air temperature ranging between 4 and 7 °C and
decreasing from south to north. Annual precipitation is slight-
ly greater in the eastern than in the western sections of the
LHW. Soil erosion is very serious particularly in some
drought-prone areas in northeast China where vegetation cov-
erage is less than 30%.

124° E

Sample collection

Surface water samples were collected approximately 0.1 m
below the water surface at each sampling location which is
generally located in the middle of the river. Two field cam-
paigns resulted in a collection of 30 groups of data after elim-
ination of repeated samples. The first one was conducted in
late September 2013, and 28 groups of water samples (Fig. 1,
S1-S28) were collected along the main trunk and the tribu-
taries of the LHR including ELR, WLR, HHR, and TZR. The
supplementary samples collected in early October including
two samples at the ELR (S6, S7), five samples at the WLR
(S26-S30), and two samples at the main stream of the Liaohe
River after its junction with the East and West Liaohe rivers
(S8, S9). Approximately a 2.5 L water sample was collected at
each sampling site for determination of water physical and
chemical parameters, e.g., Chla, TN, TP, DOC, and TSM con-
centrations. Water samples were collected in acid-washed
HDPE bottles and held in thermoelectric coolers while in the

Table 1 Names of rivers,

sampling numbers, drainage area, Name Sampling number Drainage area (km?) Max depth (m) Length (km)
length, and maximum water depth
for the samples collected in East Liaohe River S1-S7 11,450 0.9 383
Liaohe River watershed Liaohe River S8-S15 36,910 15.8 516
Hunhe River S16-S19 36,061 6.2 415
Taizihe River S20-S25 1.2 412
West Liaohe River S26-S30 136,210 0.8 449
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field. In the laboratory, these samples were kept in the dark at
4 °C until analyzing within 2 days.

Measurements of absorption coefficients

The values of a,(\), anap(M), and apy(\) were determined by the
quantitative filter technique (QFT). Water samples were filtered
through a 47-mm-diameter Whatman GF/F filter (0.7 um), and
absorption spectra were recorded every 1 nm from 350 to
800 nm using a Shimadzu UV-2600 PC UV-Vis spectrophotom-
eter. A blank filter wetted with filtered water was used as a
reference. In order to eliminate the differences between sample
and reference filters, the optical density of 750 nm was subtracted
from all measured spectra. The a,(\) is expressed

ap(N) = 2.303 x %ODS()\) (1)

where 2.303 is the factor used to convert base 10 to natural
logarithm, s is the filter clearance area, and v is the filtered
volume of samples.

After each measurement of the optical densities of the total
particles, the filter was soaked in 0.1% sodium hypochlorite.
Algal particles were dissolved in sodium hypochlorite leaving
non-algal particles on the filter. After rinsed with filtered wa-
ter, the filters were then measured again to obtain the optical
densities of the non-algal particles. ayap(A) was also calculat-
ed using Eq. (1), and a,,,(\) was obtained based on a,()\) and
anap(N) as shown in Eq. (2):

aph(\) = a,(A\)—anar(N) (2)

The collected samples were filtered through a precombusted
Whatman GF/F filter (0.7 um) at low pressure for measurement
of the absorption coefficient of CDOM. Absorption spectra were
measured between 200 and 800 nm at 1-nm intervals using a
Shimadzu UV-2600 PC UV-Vis dual-beam spectrophotometer
with a 1-cm quartz cuvette. Milli-Q water was used in the refer-
ence cuvette for CDOM absorption measurements. Absorption
coefficients of CDOM were calculated as

acoom ()\) — 2.3030D(\)/! (3)

where acpom(N) is the uncorrected CDOM absorption coeffi-
cient at wavelength A, OD()) is the optical density at the same
wavelength, and / is the cuvette path length in meters. Because of
the influence of backscattering by small particles and colloids
that pass through filters, absorption coefficients are corrected
based on the following equation (Bricaud et al. 1981):

acoon(N) = acpow (x)—aCDOM (750’) (1/750) (4)

where acpom() is the absorption coefficient at wavelength A
corrected for scattering and baseline fluctuations and acpom(\')
is the uncorrected absorption coefficient at a given .

Measurements of other parameters

TSM and ISM were determined by gravimetrical analysis
(Song et al. 2012). By subtracting ISM from TSM, OSM
was obtained. Concentrations of DOC, TN, and TP were mea-
sured according to Song et al. (2013). Chla was extracted
using 90% acetone and measured with a Shimadzu UV-2600
PC spectrophotometer (Song et al. 2013). Concentrations of
total metal ions (THg, TFe, TAs, etc.) were measured based on
the GB3838-2002 (national quality standards for surface wa-
ters, China).

Spectral slope (S) determination

The spectral slope of acpom(M) (Sy) was calculated by fitting
exponential functions to the absorption spectrum in the ranges
of 300 to 500 nm using the following equation (Zhang et al.
2007b; Spencer et al. 2012):

aCDOM(/\) = aCDOM()\o)exp [Sg()\()*)\)] (5)

where acpom(M) is the CDOM absorption at a given wave-
length, acpom(Ao) is the absorption estimate at the reference
wavelength )y, which is generally selected to be 440 nm, and
S, is the spectral slope fitting parameter.

Similarly, the spectral slope of anap(A) (Sq) was also cal-
culated with non-linear fit of an exponential function, shown
as below:

ag(X) = aq(Ao)exp[Sa(Ao—N)] (6)

where anap()o) is the absorption at the reference wavelength
Ao, which is generally selected to be 440 nm, and Sy is the
spectral slope fitting parameter.

Least square regression was used to construct the absorp-
tion model of ayap()) from 400 to 700 nm in order to compare
with the results obtained from the other studies.

Statistical analysis

The absorption coefficients of optically active substances were
calculated using Origin 8.0 software. Correlations between en-
vironmental parameters and the absorption of optically active
substances were determined by redundancy analysis (RDA)
using CANOCO 4.5, in which optically active substance ab-
sorptions were defined as species variables, and environmental
parameters were selected as explanatory variables. Before RDA
is conducted, detrended correspondence analysis (DCA) should
be executed first, because the positions of the samples on the
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second axis are strongly dependent on their positions on the first
axis, and this effect can be interpreted as a limitation of the
method (Lep$ and Smilauer 2003). As a result, DCA was used
to remove this limitation. If the maximum lengths of gradient
were smaller than 3, then RDA could be used with those data. A
Monte Carlo permutation test was also conducted with
CANOCO 4.5 to select environmental variables closely related
to response variables (499 permutations under the reduced
model, p < 0.05). The Pearson correlation coefficient () was
calculated using SPSS 17.0.

Results
Light absorption by particles, CDOM, and phytoplankton
Particle absorption

The absorption coefficients of total suspended particles typi-
cally decreased monotonically with increasing wavelength
(Fig. 2), suggesting that non-algal particles dominated the to-
tal particles. Rivers, where the flowing water entrains
suspended sediments, have a,()\) curves very similar to
anap(N). This situation always happens in rivers, estuaries,
coastal zones, and other class II water bodies with high con-
centrations of inorganic particles (Binding et al. 2008).
However, the absorption curves of samples from different riv-
ers varied greatly. An inconspicuous absorption peak was
present near 675 nm for most sites attributable to phytoplank-
ton, but another absorption peak near 440 nm found in previ-
ous articles was not detected in samples from the LHW. In
general, ap()) in ELR and LHR was higher than in other
rivers, while TZR showed the lowest absorption coefficient.
Large variation in a,()) along the ELR is shown in Fig. 2a and
Table 2. For samples from HHR, a,(440) and a,(675) were
lower than in samples from ELR. Likewise, a,(440) for LHR
also exhibited a large variation, while a,(675) was relatively
stable and much larger than in the other rivers investigated
(Fig. 2b, Table 2). The average value for a,(440) in TZR
was higher than in WLR, while the average value for
ap(675) was lower in TZR than in WLR.

Non-algal particle absorption

Absorption characteristics of non-algal particles were deter-
mined by mineral particles and organic matter including the
non-active organisms and non-algal active organisms
(Binding et al. 2008). The absorption coefficient of non-
algal particles decreased with increasing wavelength in all
rivers (Fig. 2¢). The ayap(440) in ELR was a little higher than
in HHR (Table 2). Considering the low a,(A) in TZR and
WLR, anap(440) in the two rivers also showed low values,
with mean values of 1.25 and 4.23 m™ ', respectively.

@ Springer

As one of the most important bands in ocean color remote
sensing, 440 nm was selected to build the absorption models
of non-algal particle using the least square method. Sy in the
wavelength range 400-700 nm in the present study was rela-
tively stable from 9.97 m ! for WLR to 13.06 m ! for ELR,
with a mean value of 11.41 m™'. However, Sq varied in differ-
ent rivers (Table 3). The mean Sq of HHR was higher than in
the other rivers, while it was lowest in WLR. The coefficient
of variation (CV), defined as the percentage of the ratio be-
tween standard deviation and the mean value, can be used to
compare differences in samples from the same river. The CV
in LHR was lower than in the other rivers, suggesting that the
S4 of samples in LHR was similar to each other.

Phytoplankton absorption

Phytoplankton absorption varied with chlorophyll concentra-
tions, which were influenced by the abundance and community
composition of the phytoplankton community. The absorption
spectra of phytoplankton showed that the pigments had two di-
agnostic absorption peaks: in the blue (approximately 440 nm)
and red (approximately 675 nm) sections of the spectrum
(Fig. 2e). The peak at 675 nm was determined by Chla, while
the peak at 440 nm was affected simultaneously by Chla and the
other accessory pigments (Zhang et al. 2007a).

The ratio between absorption at the blue and red wave-
lengths, a,,(440)/a,,(675), can be used to distinguish Chla
and auxiliary pigments. In the present study, a,,(440)/
apn(675) of samples from HHR and LHR exhibited higher
values (3.54 and 3.32, respectively) than those of the other
rivers (1.73, 1.50, and 1.24 for ELR, TZR, and WLR, respec-
tively), suggesting various compositions of phytoplankton in
the different rivers.

CDOM absorption

The absorption of CDOM was similar to that of non-algal
particles (Fig. 2). It was not difficult to distinguish acpom(N)
of WLR and TZR from those of HHR, LHR, and ELR.
CDOM is often characterized using the absorption coefficient
at specific wavelengths such as 254, 350, 355, and 440 nm
(Ma et al. 2006; Zhang et al. 2007b; Spencer et al. 2012; Shen
et al. 2012; Wang et al. 2014). In this study, the absorption of
CDOM at 440 nm was used for comparative purposes.
Obviously, acpom(440) in WLR was higher than in the other
rivers, while TZR was the lowest with a mean value of
0.52 m™' (Table 2).

Least squares regression was used to construct the absorp-
tion model of acpom(A) with three different ranges including
275-295, 280-400, and 350400 nm (Fig. 3). S, values main-
ly depended on the range of wavelengths selected. The values
of S»75 295 in all sites were a bit larger than those of S>gy_400,
and the values of S350 400 Were lower than those of S>g¢ 400,
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suggesting that S, values decreased with increasing wave-
length range. S, values in the same river showed significant
variation in ELR, TZR, and WLR but were relatively stable in
HHR and LHR, relatively. The mean values of S, based on
different wavelength ranges were different from those of other
water bodies. Mean values of S350 499 in LHW were slightly
higher than those of Changjiang River reported by Chen et al.
(2013) and Elizabeth River with 0.0149 nm ' (Helms et al.
2008), but they were lower than those in most rivers in the
USA and the Yukon River (Spencer et al. 2009). Mean values
of S5g0_400 Obtained in this study were higher than those in the
Suwannee River (Xiao et al. 2013) but lower than those in

Wavelength (nm)

Wavelength (nm)

terminal lakes (Zhang et al. 2005). As a result, the molecular
weight of CDOM composition in the LHW was higher than
that of the Changjiang, Suwannee, and Elizabeth rivers, while
it was lower than Yukon River located at high latitude. The
slope ratio (Sg) of S»75_295/S350_400 has also been calculated to
characterize CDOM 1in natural waters, with lower relative
values indicative of DOM of higher molecular weight, greater
aromaticity, and increasing vascular plant inputs (Helms et al.
2008; Osburn et al. 2011). Sk values were greater than 1 ex-
cept in one sample at TZR (Fig. 3), which was slightly higher
than that obtained for most rivers in the USA, suggesting low
molecular weight of CDOM in the LHW.
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Table 2 Statistics of absorption

of suspended particulate matter Rivers Statistics Wavelength (nm) Min-max (m™") Mean (m ")
[ap(N)], non-algal particles
[anap(V)], phytoplankton ELR a,(N) m ™) 440 2.74-39.65 15.6 (£16.24)
[ap(V)], and chromophoric 675 0.19-2.84 1.31 (+1.08)
?ésl;%ﬁ)i E’;f}a)z‘;&“;“er axap() (m) 440 2.11-39.93 15.35 (+16.18)
675 0.13-2.65 1.00 (+1.09)
ap(\) (m ") 440 0.62-0.93 0.76 (£0.16)
675 0.27-0.58 0.43 (£0.16)
acpom() (m™) 440 0.69-1.38 0.92 (£0.32)
HHR ay(\) (m ") 440 6.53-14.47 9.38 (+3.67)
675 0.56-1.32 0.89 (+0.34)
anapN) (m ™) 440 5.39-13.91 8.62 (£3.94)
675 0.41-0.81 0.55 (£0.18)
ap(N) (m™") 440 0.30-1.50 0.76 (£0.52)
675 0.04-0.86 0.34 (£0.36)
acpom) (M) 440 0.92-0.92 0.92 (0.00)
LHR ap(\) (m") 440 12.04-34.12 22.63 (+7.84)
675 1.66-2.80 2.05 (£0.42)
anap) () 440 10.72-32.48 2127 (#7.72)
675 0.86-2.44 1.62 (20.50)
ap(\) (m ") 440 0.45-5.91 2.00 (+2.02)
675 0.28-0.82 0.51 (+0.19)
acpom(\) (m™") 440 0.69-1.25 0.99 (+0.19)
TZR ay(\) (m™") 440 0.87-5.49 2.35 (+1.66)
675 0.16-1.30 0.52 (£0.43)
anapM) (m ) 440 0.59-4.14 1.86 (+1.25)
675 0.05-0.55 0.18 (£0.19)
apn() (m™) 440 0.04-1.34 0.62 (£0.53)
675 0.09-0.75 0.40 (£0.25)
acpom(N) (m ™ 440 0.23-0.92 0.52 (£0.25)
WLR a(M\) (m™) 440 1.96-8.33 5.12 (£3.10)
675 0.22-1.30 0.97 (£0.43)
anap) (m ) 440 0.54-7.45 423 (+3.01)
675 0.04-0.71 0.41 (£0.30)
ap(\) (m ") 440 0.07-1.41 0.89 (£0.50)
675 0.18-0.96 0.56 (+0.28)
acpom() (m™) 440 1.57-3.09 2.44 (£0.57)

Contribution of non-algal particles, phytoplankton,
and CDOM to the total absorption

Table 3  Statistical parameters of Sy in different rivers

The relative contribution of the different components to the
total average absorption of all samples is shown in Fig. 4a,  Rivers Min ~ Max  Mean CV Fitting precision (%)
demonstrating that non-algal particles contributed the most to
the total absorption from 380 to 650 nm. The CDOM contrib-
uted primarily to total absorption at short wavelengths, with a
maximum at 380 nm for wavelengths 380—700 nm, and de-
creased with increasing wavelength; the absorption of CDOM
was generally higher than that of phytoplankton at wave-
lengths shorter than 430 nm. The contribution of phytoplank- g spectral slope of non-algal particle absorption, CV coefficient of
ton increased with increasing wavelength from 380 to 675 nm,  variation

ELR 1145  13.06 1194  450%  0.96
HHR 11.83 1256 1232 274% 094
LHR 10.28 11.92 1094  496%  0.94
TZR 11.21 12.11 11.72 411%  0.99
WLR 997 1077 1033  3.54% 098
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Fig. 3 Spatial variation of Sy75_ 0.021

2955 $280-320, S350-400, and Sy
(8275-205/S350-400) in different
rivers
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appearing to peak near 675 nm, and decreased sharply from
675 to 700 nm.

The contributions of CDOM, phytoplankton, and non-algal
particles at 440 nm in the five rivers are shown in Fig. 4b.
Because of the constant and limited value at 440 nm
(0.00635 m™ "), the absorption of pure water at 440 nm was
ignored. According to Fig. 4b, 86.67% of absorption of all
samples was associated with non-algal particles except in four
samples from TZR and WLR. When compared with the pre-
dominant absorption of non-algal particles in most sites, only
one sample in WLR showed that CDOM contributed most to
the total absorption at 440 nm and absorption of only one
sample at TZR was mainly driven by phytoplankton.

Correlations between environmental factors and light
absorption

The collected river samples exhibited large variation in water
quality (Table 4). TN and TCr concentrations exceeded the
GB3838-2002 standard for class V waters of 2.0 mg N/L and
0.001 mg/L, respectively. Considering the lack of heavy metals
obtained in two sites of WLR (Table 4), we grouped water
quality parameters into general parameters and heavy metals.

General parameters

For the maximum gradient lengths based on DCA of 2.01 in
this study, RDA was performed for all sampling locations with
eight general water environmental variables. The RDA data
showed that the forward selected explanatory variables could
explain the variability of optically active substance character-
istics with species—environment correlations of 0.805. The
first two axes of RDA explained 96.3% of total variability in
the absorption characteristics of all the water samples

sites

collected (axis 1, 89.6%:; axis 2, 6.7%). Coefficients between
environmental variables with axes in RDA indicated that
TSM, OSM, and ISM had strong correlations with a,(440)
and a,(675) (p < 0.01, Table 5), while DOC had weak corre-
lations with particle absorption. However almost no correla-
tion was observed between the absorption of total suspended
particles and Chla, TN, TP, and TAlk (Fig. 5a).

Correlations between non-algal absorption and water qual-
ity parameters were similar to the relationships between par-
ticle absorption and water quality parameters because of
strong positive correlations between anap(440) and
suspended particles (TSM, OSM, and ISM) and insignificant
correlations between anp(440) and other parameters (Fig. Sa,
Table 5). Moreover, anap(440) was highly correlated with
OSM, followed by ISM and TSM. Non-algal particles include
both organic and inorganic particles, and most of the organic
particles are relict bodies and degraded products of phyto-
plankton (Binding et al. 2008). The high correlation between
anap(440) and OSM suggests that non-algal particles
accounted for a large percentage of OSM. However, there
was no correlation between algal absorption and Chla
(Table 5) for all samples. In addition, samples located in dif-
ferent rivers were analyzed separately, yet no significant cor-
relation was obtained even though the samples belonged to
different sub-watersheds.

Strong positive correlations between CDOM absorption
coefficients and TN (p < 0.05), TAlk (p < 0.01), and DOC
concentrations (p < 0.01) in all water samples were obtained in
the LHW (Fig. 5a, Table 5). Weak correlations were obtained
between suspended particles and CDOM absorption (Table 5).
If samples located in different rivers were analyzed separately,
not every river showed strong correlations between CDOM
and DOC (Fig. 6), even though a very strong correlation was
obtained between the two parameters for all the samples
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(Table 4). Considering the consistent acpowm(440) obtained for
HHR (Table 2), the relationship between CDOM and DOC for
this river was consequently excluded from further analysis
(Fig. 6). Significant correlations between acpom(440) and
DOC were found in TZR (r = 0.928, p < 0.01) and WLR
(r = 0.872, p < 0.05), while positive correlations were ob-
served for ELR and LHR, with 7 values of 0.436 and 0.565,
respectively. The r value between acpom(440) and TAlk in-
dicated that CDOM absorption showed a positive correlation
with TAlk in ELR and TZR, but had no correlation in LHR
and WLR, which is inconsistent with the result for the samples
analyzed together.

Metal ions

Six metal ions and the absorption of optically active sub-
stances in water samples were analyzed based on RDA
(Fig. 5b). Because of the lack of data on metal ions in
Xilamulun and Laoha rivers, 28 groups of data were used to
study the correlations. The first two axes of RDA explained
73.5% of total variability in light absorption characteristics of
all the water samples collected (axis 1, 70.7%; axis 2, 2.8%).
The » values between the absorption of optically active sub-
stances and concentrations of metal ions are shown in Table 6.
Several metal ions, including TAl, TFe, THg, and TCu,

Table 4  Water quality parameters of water samples collected in the Liaohe River watershed

Water quality ELR (n="7) HHR (n = 4) LHR (n = 8) TZR (n = 6) WLR (1 = 5) GB3838-2002
DOC 10.71 £4.32 771 +0.89 3.77 £451 6.49 + 1.49 14.20 + 16.39 -

Chla 19.24 £17.23 22.95 +26.56 8.68 + 14.14 27.08 +26.16 7224921 -

TSM 312.17 £423.07 78.67 + 22.50 196.86 £ 229.14 25.79 £23.52 126.84 + 186.45 -

OSM 2625 £31.55 13258 13.54 + 15.59 4.14+181 991 +11.52 -

ISM 285.92 +391.56 65.67 £21.05 183.32 £ 213.99 21.66 +22.57 122.54 + 178.86 -

N 3.64 £ 148 6.16 +0.53 0.79 +1.27 521 +1.68 0.32 +0.47 V (1.5-2.0)
TP 0.147 = 0.057 0.21+0.05 0.017 £ 0.022 0.12+0.079 0.059 + 0.071 1 (0.1-0.2)
TAlk 109.71 + 30.54 109.2 +9.90 187.2 + 14.11 116.8 +32.08 56.83 + 69.36 -

TAl 1.986 + 0.42 2,60 +0.29 0.88 + 1.05 124 +0.065 0.43+0.57 -

TFe 0.661 = 0.189 1.16+0.15 0.52 + 0.63 0.17 £0.10 0.26 % 0.37 -

TCr 0.102 = 0.008 0.0084 + 0.0047 0.005 + 0.006 0.004 % 0.001 0.007  0.001 V (0.005-0.01)
TCu 0.011 + 0.022 0.0037 + 0.0027 0.038 = 0.061 0.002 + 0.001 0.017 + 0.022 1(<0.01)

TAs 0.037 + 0.008 0.045 £ 0.011 0.006 + 0.008 0.038 £ 0.011 0.016 % 0.022 I (<50 pg/L)
THg 0.023 + 0.009 0.12 £ 0.007 0.013 £ 0.014 0.019 =+ 0.006 0.003 + 0.004 1(<5 pg/L)

TAIk represents total alkalinity. The unit of absorption coefficients is m . The unit of DOC, TSM, OSM, ISM, TN, and TP is mg/L, and the unit of Chla
is ug/L. The unit of absorption coefficients is m ! ; the unit of TAL, TFe, TCu, and TCr is mg/L, and the unit of TAs and THg is pg/L. Concentrations of
heavy metals in WLR, italic in the table, are the mean of three samples for the missing of data of Xilamulun and Laoha rivers

@ Springer



19331

Environ Sci Pollut Res (2017) 24:19322-19337

(pa[TeI-0M3) [OA] G()'() AU} & JUBOIIUSIS ST UOB[AIIOD,, ‘(PI[TRI-0M]}) [OAJ] 1()°() Y} J& JUBOIJTUSIS ST UOT)B[OII0 ). .
/31 st e[yD o yrun oYL T/3w st 41 pue ‘NI ‘INSI TASO NSL ‘D0 JO Hun AU, * W ST $ud[o1go00 uondiosqe Jo run YL Kuijexe [ejop spuasa1dor L

[ S600 +«TLV0— 08070 €L0°0 080°0 8800~ €180 #:€0L°0  #+€150 €00 S00°0— $60°0— LETO 7LO0~ VL
I «90v0 €810~ 1L0°0- SLIO-  +¥I¥0 Y170 09€°0 €S1°0~ 701°0 8500~ 180°0— 621°0- 690°0— dL

I 650°0- 800°0— S5O0~ %790 #EPP 0~ +98€°0— ¥SE0- €97°0 2000 9100 991°0— 0v0°0 NL

I #5960 #0001 SEE0— €070 ¥80°0 0600~ 9IT0  #+T6L°0  ##6LL'0  #+6EL°0  #x08L°0 NSI

I 40,60 €92°0~ 9570 1710 P10 6TT0  wxbIS0  4x€6L0  #x0SL'0  #xS6LO NSO

I 0£€°0— 8070 680°0 760°0— LITO  #4S6L°0  4xT8L0  sxIPL'0  #x€8L0 INSL

I 7900~ L£0°0 S81°0 0v0°0 SLTO 9670~ ¥81°0- $8T0— ulte)

I #4L88°0 0rT0 7870 €200 8¥1°0 YEE0 IL1°0 Doa

I or1°0 €L0°0 9L0°0 9100 110 00 (Opp)WOdon

I vEE0 TIT0 0970~ ¥97°0 €7T0- (5L9)"p

I 6870 L1T0 #EPP0 ¥0€°0 (ovy)*p

I #%986'0  #x[88°0 6860 (5L9)4VND

I #£1S8°0  #+966°0 (Opy)aVND

I 4x1L8°0 (sL9)%p

I (ovh)'p

AIVL dL NL NSI NSO INSL Lile) 20a  (OpYWODD (5190 (opk)™P  (SLOYVND  (opp)IYND  (5L9)%  (oph)p  swjewereq

SUonenuadUo0d HEOEOO—EOU pue ﬂOﬁQhOmﬂm U39M39( SUONB[ALIO)) S 9qe],

pringer

Qs



19332

Environ Sci Pollut Res (2017) 24:19322-19337

Fig. 5 Redundancy analysis
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exhibited positive correlations with each other, while a nega-
tive correlation was obtained between TAs and TCr.
Coefficients between metal ions with axes in the RDA indi-
cated that TCu and THg had strong correlations with a,(440),
ap(675), anap(440), and anap(675) (Table 6), while TAs were
significantly correlated with acpom(440), and TAl was posi-
tively correlated with a,(675) and anap(675) (p < 0.05).
Almost no correlation was found between phytoplankton ab-
sorption and the metal ions.
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Discussion

Abundant terrigenous inorganic matter, such as suspended
sediment, input into rivers was the main reason for the weak
correlations between ay(A) and Chla as shown in Table 5 and
Fig. 5a. (Zhang et al. 2007a; Liu et al. 2011). Soil erosion, the
liquidity of rivers themselves, and frequent sediment resus-
pension caused by strong windy conditions caused an increase
in inorganic particulate matter and led to the increase in non-
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Fig. 6 Correlations between acpom(440) and DOC/TAIk for samples in different rivers
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Table 6  Correlations between absorption and metal ion concentrations

Ions ap(440)  ay(675)  aq(440)  aq(675)  apn(440) aph(675) acpom(440) DOC TAl TFe TCr TCu TAs THg
TAl 0367 0.461*  0.362 0.421*  0.151 0.188 0.238 0.294 1

TFe 0.283 0.401*  0.280 0.351 0.104 0.213 0.197 0.223 0.916%* 1

TCr -0.151 -0.166  —-0.140 —-0.176  —0.151 0.016 —0.287 —-0.311 0.191 0.123 1

TCu 0431*%  0456%  0429%  0457*  0.136 0.048 0.310 0.426 0.496** 0276 0.134 1

TAs —-0.159  —0.023  -0.168  —0.109 0.045 0.288 0.910%* 0.897**  0.080 0.064 —0.323 0.248 1

THg 0.565%%  0.512%% 0.555** 0.554** 0.251 —0.088 0.464* 0.607** —0.023  —0.225 —0.238 0.512*%*% 0.439* 1

The unit of absorption coefficients is m ' . The unit of TAI, TFe, TCu, and TCr is mg/L. The unit of TAs and THg is pg/L

**Correlation is significant at the 0.01 level (two-tailed); *correlation is significant at the 0.05 level (two-tailed)

algal absorption (Schallenberg and Burns 2004; Zhang et al.
2007a).

Previous studies claimed that the degradation of phyto-
plankton was the main process in the generation of non-algal
particles for class I water, leading to the significant relation-
ship between anap(A\) and Chla concentration (Cleveland
1995; Bricaud et al. 1998; Cao et al. 2003). In contrast, no
correlations between anap(A) and Chla were found in this
study. Moreover, no correlation between Chla and apn()\)
was obtained for water samples in the LHW (Fig. 7), which
was quite different from the other class Il waters. Previous
studies on class II water bodies, such as estuaries, large lakes,
and littoral belts, all showed strong correlations between the
absorption coefficients of phytoplankton and the Chla concen-
trations (Gallegos 2005; Zhang et al. 2007a; Cao et al. 2003).
The great variation in a,,(440)/a,,(675) observed in this study
demonstrated that Chla concentration in ELR, TZR, and WLR
accounted for a smaller proportion of pigments than that in
HHR and LHR. The a,,(440) was jointly determined by Chla
and auxiliary pigments. As a result, different proportions of
Chla in different rivers may be one reason leading to the rela-
tionship between Chla and a,,(440). Rivers are flowing wa-
ters and are very sensitive to the surrounding environment
including land use/cover change in surrounding landscapes,
human activities, agricultural tillage, precipitation, and other
factors (Park et al. 2007; Piirsoo et al. 2012; Catalan et al.
2013; Le etal. 2015). As mentioned above, 28 groups of water
samples were collected during the first field campaign, and
data from two sampling sites (Xilamulun and Laoha rivers
located in WLR) used in this study were collected in
October. It is clear that a,,(675) of the two samples was much
higher than that of the other water samples shown in Fig. 7. If
the two samples collected in October were eliminated, signif-
icant correlation (r = 0.61, p < 0.01) was obtained between
app(675) and Chla (Fig. 7). This pattern might be ascribed to
two factors: (i) the locations of these two samples were in the
Inner Mongolia autonomous region and far away from the
other sampling sites (Fig. 1). Low precipitation and serious
soil erosion in the WLR sub-catchments might be responsible
for the inconsistency of synchronous changes in Chla

concentration with the other areas, and (ii) sampling time
might be another explanation. During the two field cam-
paigns, the growth status of algal particles gradually changed.
Moreover, the two measurements of Chla and algal absorption
might also show little difference. However, further research
should be undertaken to identify the reasons for the
discrepancy.

Significant positive correlations were shown between
TSM, OSM, ISM, and particle and non-algal particle absorp-
tion (Table 5). In contrast, there were weak correlations be-
tween TSM, OSM, ISM, and a,,(440), and no correlations
with a,p(675). Previous studies confirmed that the concentra-
tion of inorganic nutrients was high and nutrient amendments
had often failed to stimulate the growth of phytoplankton
(Paerl et al. 1983). The percentage of OSM determined the
correlation between TSM, OSM, ISM, and Chla (Zhang et al.
2007a). In the case of the LHW, the percentage of ISM was
much higher than that of OSM in all samples, suggesting that
the concentration of OSM is the determining factor in the
correlation with phytoplankton absorption.

O
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© p<0.01
La({)haﬂRiver
@
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Fig. 7 Relationship between chlorophyll a (Chla) and the absorption
coefficients of phytoplankton [a,,(A)]. After remove data at Xilamulun
and Laoha rivers, the fitting curve was observed with » = 0.61
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The absorption of light by CDOM can be explained by
variations in nutrients and DOC concentration especially for
acpom(440), which showed strong positive correlations with
TN, TAlk, and DOC concentrations in all water samples. The
present study has shown that strong relationships exist be-
tween DOC concentration and CDOM absorption in riverine
waters, which is in agreement with several other studies
(Seritti et al. 1998; Laurion et al. 2000; Spencer et al. 2012;
Wen et al. 2016). However, not every river exhibited a strong
correlation for the two parameters (Fig. 6). Two reasons might
explain this result. First, the location of sampling sites in dif-
ferent rivers exhibited great variability. Samples from WLR
were more scattered, while samples in ELR and LHR were
more intensive, leading to the concentration gradients of
CDOM and DOC to some extent. Second, the LHR passes
through several big cities, which are associated with a large
amount of polluted and wastewater with high CDOM concen-
trations, making it very different from the other rivers.

There were significant positive correlations between TAlk
and CDOM obtained for the rivers within the LHW, which
were seriously influenced by industrial and agricultural activ-
ities. Correlation between TAlk and CDOM absorption de-
pends on the positive correlation of partial pressure of carbon
dioxide (pCO,) and CDOM that was observed in all systems
(Clark et al. 2004; Else et al. 2008; Song et al. 2016). High
CO, saturation has been attributed to high alkalinity in river
inputs to coastal waters (Frankignoulle et al. 1996). Moreover,
a river plume with high TAlk and hence higher bicarbonate
concentrations would be expected to have higher pCO, levels
(Clark et al. 2004). TAIk in rivers partly comes from effluents
and detergent from papermaking, printing, and dyeing, as well
as runoff of chemical fertilizers and pesticides, while pollution
also raises CDOM concentration. Phosphate and nitrate are
consumed during primary production, leading to reductions
in TAlk and CO, and resulting in decreased pCO, in the water
column, while microbial respiration increases CO, (Packard
et al. 1996; Clark et al. 2004). If other influencing factors are
eliminated, the stronger the photosynthesis by phytoplankton,
the lower TAlk will be. The significant positive correlation
between a,,(675) and TAlk suggested that phytoplankton
photosynthesis was not the main factor controlling the rela-
tionship with TAlk for rivers in the LHW.

Numerous studies have confirmed that strong relationships
between THg and DOC exist in stream water (Driscoll et al.
1995; Selvendiran et al. 2008; Dittman et al. 2009); the same
results were obtained for THg and DOC as well as CDOM in
this investigation. Significant positive correlations between
THg and absorptions of optically active substances implied that
THg in the streams of the LHW affected the attenuation of solar
ultraviolet radiation (UR) and water color (Maloney et al.
2005). No strong correlation between TFe and CDOM was
obtained for the samples in the LHW, which is inconsistent with
other studies that found that TFe was highly correlated with

@ Springer

water color and when in complexation with organic compounds
absorbs light in the UV range (Heikkinen and Thme 1995;
Maloney et al. 2005; Xiao et al. 2013). There were two reasons
to explain this difference. One is that previous studies obtained
TFe concentrations at different depths, while the samples in this
study were obtained only 0.1 m below the river surface. The
other reason is that significant correlations were generally ac-
quired in humic waters (Schelker et al. 2011), where humic
substances and Fe interacted to form complexes allowing Fe
to remain in solution, whereas the rivers in the LHW were not
typical humic rivers. TAs and THg showed positive correla-
tions with both CDOM and DOC, especially TAs. Fulvic or
humic acids can form stable complexes on mineral surfaces
(Kaiser et al. 1997) effectively blocking arsenic from adsorp-
tion on iron (» = 0.064), alumina (» = 0.080), quartz, or kaolinite
(Grafe et al. 2001; Grafe et al. 2002; Xu et al. 1991), leading to
a strong correlation between arsenic and CDOM/DOC.
Moreover, previous studies confirmed that the band ratio
B711/B4ge had high correlation with Cu (r = 0.749) for the
Pearl River estuary based on in situ measured remote sensing
reflectance and EO-1 Hyperion images (Chen et al. 2010),
while other investigators demonstrated that complexes formed
by heavy metals and humic substances/organic matter strongly
affected metal bioavailability and were an important compo-
nent in influencing the light absorption of water (Ortega-
Retuerta et al. 2010; Xiao et al. 2013; Zhang et al. 2014). As
a result, significant correlations between heavy metals and the
light absorption of CDOM and particulates in LHW signified
manifested significant influence of metals on the characteristics
of optically active substances and the absorption of solar UR.

While the present study provided a detailed description on
the spectral absorption characteristics of optically active sub-
stances and determined the factors impacting the absorption
coefficients, it was not designed to study the mechanism be-
tween absorption characteristics and water quality parameters.
Moreover, water samples used in this study were collected
only from late September to early October and are not suffi-
cient to address the seasonal changes and transformations of
absorption characteristics of optically active substances and
the interaction between absorption and water parameters from
headstreams to the estuaries for the Liaohe River system.
Additional research is needed to study the mechanism and
interaction between absorption and environmental factors
and to address how the absorption of optically active sub-
stances affects light attenuation in rivers.

Conclusions

The LHR watershed is an important agricultural region but
also includes some of the most heavily industrialized areas
of China. While these intensive forms of land use have spurred
economic development, they have also led to serious water



Environ Sci Pollut Res (2017) 24:19322-19337

19335

problems. A preliminary study was conducted to present an
overall view of absorption characteristics of optically active
constituents and to provide insight into particulates and
CDOM properties linked to water quality characteristics in
LRS that is seriously influenced by anthropogenic and natural
factors. The absorption coefficient of CDOM is similar to that
of non-algal particle absorption. When S, values in the LHW
were compared with rivers in other regions, the molecular
weight of CDOM composition in the LHW was higher than
in the Changjiang, Suwannee, and Elizabeth rivers, while it
was lower than in rivers located at high latitude. The relative
contribution of non-algal particle absorption was higher than
the other constituents for most samples, implying the crucial
role of non-algal particles to light attenuation in rivers. TSM,
OSM, and ISM were strongly correlated with a,(440) and
ap(675) (p <0.01), while DOC showed weak correlations with
particle absorption. Furthermore, acpon(440) exhibited sig-
nificant correlations with DOC and TAlk (p < 0.01). There
was almost no correlation between the absorption of total
suspended particles and Chla, TN, TP, and TAlk. Significant
correlation was observed between ap,(675) and Chla after
eliminating two samples collected in October. Moreover,
TCu and THg were strongly correlated with a,(440),
ap(675), aq(440), and aq(675). TAs showed a significant cor-
relation with acpom(440), and positive correlations between
TAl and a,(675) and a4(675) (p < 0.05) were obtained. This
study on optical-physicochemical correlation will contribute
to bio-optical models and is helpful for understanding the
interaction between optically active substances and heavy
metals in river water environments.
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