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Abstract
To investigate the variation of the biogeochemical cycle of riverine dissolved inorganic carbon (DIC) and silicon (DSi)
with the cascade damming, the bicarbonate (HCO−

3 ), dissolved silicon (DSi), and other environmental factors within the
cascade reservoirs of the lower reaches of Yalongjiang River, passing through the southeastern Qinghai-Tibet Plateau,
were systematically analyzed by collecting water samples during the wet season and dry season from 2018 to 2019,
respectively. The results showed that the lower ratio of DSi to HCO–

3 (0.044 ± 0.001) was mainly controlled by the
domination of carbonate mineral in the sedimentary rock of the Yalongjiang River drainage basin. The DSi:HCO–

3 ratio
was positively correlated with discharge (P < 0.05), and negatively correlated with the water retention time (P < 0.01) and
chlorophyll a, implying that the variations of DSi:HCO–

3 ratio were mainly determined by the rock chemical weathering
processes and the hydrologic process outside the reservoirs and the biological processes within the cascade reservoirs. The
phytoplankton photosynthetic process stoichiometrically assimilated DSi and HCO–

3, resulted in 3.46 × 104 t·Si a−1 and
1.89 × 104 t·C a−1 sequestering in the cascade reservoirs, respectively. Compared with the situation of dam-free in the
lower reaches of Yalongjiang River, the export flux of HCO−

3 and DSi at the mouth of Yalongjiang River was reduced by
11.87% and 62.50%, respectively; the ratio of DSi:HCO–

3 decreased by 36.01% for only building the Ertan dam and
53.15% for the cascade damming, respectively. The water renewal time prolonged from 45 to 126.6 days due to the
regulation of the cascade reservoirs in the mainstream. Ultimately, a conceptual model on migration-transformation of DIC
and DSi within the cascade reservoirs in the lower reaches of Yalongjiang River was established. These findings demon-
strated that riverine cascade damming could extend the biogeochemical coupling cycle of DIC and DSi within the inland
aquatic ecosystems and ensure the ecological environment security in the hot-dry valley.
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Introduction

The export of dissolved and particulate biogenic matter from
river to the ocean accounts for 90% of the transportation from
land to ocean per year (Tréguer and De La Rocha 2013),
maintaining the sustainable development of marine ecosys-
tems. In general, riverine (lacustrine) biogenic matter originat-
ed from watershed erosion processes and was changed by the
biological processes in the land water. For example, the chem-
ical weathering progress of silicate minerals consumes atmo-
spheric carbon dioxide (CO2), forming bicarbonate (HCO−

3 ),
releasing dissolved silica (DSi) and other elements. Partial
DSi, dissolved CO2, and HCO−

3 are absorbed by phytoplank-
ton (i.e., diatoms) through photosynthesis in rivers, lakes, and
reservoirs (Beaulieu et al. 2010; Wang et al. 2016); then, the
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dead phytoplankton is decomposed and/or deposited at the
bottom of water body (Maavara et al. 2014; Ran et al. 2016).
The DSi:HCO−

3 ratio is controlled by the weathering process of
silicate rock/carbonate rock and the growth/decomposition of
phytoplankton (Macuiane et al. 2011; Assmy et al. 2013). The
HCO−

3 is the main dissolved inorganic carbon (DIC) species in
water (Clark and Fritz 1997) while pH ranging from 8 to 9.
Thus, HCO−

3 can be used to represent DIC in the karst catch-
ments (Hélie et al. 2002; Das et al. 2005). Consequently, the
DSi:HCO–

3 ratio can be used as a tracer for the biogeochemical
coupling cycle of DIC and Si in the water body (Wang et al.
2013, 2016; Li et al. 2018). The biogeochemical cycle of ter-
restrial carbon (C) sequestration was coupled with that of sili-
con (Si) through mechanisms such as silicate weathering
(Taylor et al. 2016) and phytolith C sequestration (Parr and
Sullivan 2011; Song et al. 2017). The amount of Si fixed by
marine diatom (240 × 1012 mol a−1) was much higher than that
by terrestrial plants (60 × 1012 ~ 180 × 1012 mol a−1) (Conley
2002; Tréguer and De La Rocha 2013). Hence, the role of
phytoplankton in the global coupling cycle of C and Si cannot
be ignored. Nitrogen and phosphorus are essential nutritive
elements to the growth of autochthonous organisms, and the
ratio of N:P may indicate the status of nutritional restrictions
and affect the composition of the aquatic communities
(Guildford and Hecky 2000; Schindler et al. 2008).

More and more riverine dams have been constructed with
increasing human interventions on the earth’s surface. By the
end of 2018, 59,071 dams higher than 15 m have been con-
structed on the Earth, 23,841 of which were located in China
(http://www.icold-cigb.org/). With increasing riverine dam
construction, the continuity of the river was interrupted, the
hydrologic regime was changed, stratification of heat and
nutrients was developed in the inundated river channels, the
composition and structure of the aquatic organism, especially
algal communities, were altered (Wu et al. 2009; Ran et al.
2013; Castello and Macedo 2016; Winemiller et al. 2016).
Consequently, the exported fluxes of freshwater, sediments, nu-
trients to estuaries, deltas, and coastal ecosystems were changed
(Syvitski et al. 2005; Carey and Fulweiler 2012; Hughes et al.
2012; Lu et al. 2016), causing a series of ecological and envi-
ronment issues (i.e., the decline in the inshore aquaculture in-
dustry and the change of coral shell) (Meybeck 1987). Up to
date, however, the change of coupling cycle of C and Si caused
by cascade damming has not been well reported. Biogenic ele-
ments Si and C are assimilated in characteristic stoichiometric
ratios by photosynthesis processes of phytoplankton and form
biological organism. The Si and C cycles are linked by the
biological process in river-reservoir systems. Thus, the stoichi-
ometry ratio of DSi to HCO–

3 could be served as a tracer for the
biogeochemical cycles of Si and C in river-reservoir systems
(Wang et al. 2013). Therefore, DSi, HCO−

3, and related water
environmental factors (total dissolved solids, sodium, total nitro-
gen, total phosphorus, and chlorophyll a) were analyzed on the

basis of seasonal sampling in the lower reaches of the
Yalongjiang River (LYLJR) to explore the change of biogeo-
chemical coupling cycles of C and Si with cascade damming.

Material and methods

Study area

The Yalongjiang River (26° 32′ ~ 33° 58′ N and 96° 52′ ~
102° 48′ E), passing through the southeastern Qinghai-Tibet
Plateau, is one of the main tributaries of the Yangtze River
(Fig. 1). The total length of the Yalongjiang River is 1571 km
with about 3830 m of total drop and 13.6 × 104 km2 of the
total area. The average annual discharge accounts for 13.3%
of the total water discharge in the upper reaches of the
Yangtze River (He et al. 2015). The Yalongjiang River is
divided by upper reaches above Nituo, middle reaches of
Nituo to Litang river mouth, lower reaches of Litang river
mouth to the Yalongjiang River mouth. The reservoirs of
Jinping I (JP I), Jinping II (JP II), Guandi (GD), Ertan (ET),
and Tongzilin (TZL) are constructed in the lower reaches of
the Yalongjiang River (LYLJR), respectively. The basic in-
formation for each reservoir was shown in Fig. 1.

The LYLJR is widely distributed by clastic rocks and car-
bonate rocks with scattered magmatic rocks and metamorphic
rocks (Li et al. 2014). The mean monthly temperature ranges
from 6 to 19 °C. The average annual precipitation is approx-
imately 957mm, of which 93% occurs in the wet season (from
May to October), some 7% of total annual precipitation pre-
sents in the dry season (fromNovember to April) (Fig. 2) (data
from http://www.cma.gov.cn/). Consequently, the runoff in
the wet season occupies 80.56% of the total annual
discharge because of the runoff being mainly fed by
atmospheric precipitation (He et al. 2015). In different situa-
tions, the average annual discharge at the mouth of the YLJR
was 59.26 × 108 m3 (in the condition of dam-free), 60.13 ×
108 m3 (only ET dam) and 56.90 × 108 m3 (cascade damming)
, respectively (Fig. 2b) (data from http://www.cjw.gov.cn/).
There are natural forests (including mixed woodland,
Leucaena leucocephala woodland, coniferous and broad-
leaved mixed forest land, Pinus yunnanensis woodland, etc.)
, plantations (mango orchard and apple orchard), grassland,
and cultivated land in the study area (Editorial Committee for
Vegetation Map of China 2001).

Sampling and measurements

On the basis of the seasonal variation of the reservoirs regu-
lation, 15 profiles were selected in the reservoirs (Fig. 1).
Samples were taken from downstream of the TZL dam to
the tail of the JP I reservoir. A total of 156 water samples were
collected at 0.5, 5, 10, 15, 20, and 25m depth at the sites of ET

28841Environ Sci Pollut Res  (2020) 27:28840–28852

http://www.icoldigb.org/
http://www.icoldigb.org/
http://www.icoldigb.org/


Fig. 1 a The sketch of sampling sites in the LYLJR basin (data from http://www.gscloud.cn/). b Basic information of the cascade reservoirs (data from
http://www.ylhdc.com.cn/)
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(Y6-Y8), GD (Y12), and JP I (Y13-Y14); 0.5, 5, and 10 m
depth at the sites of Y2; and 0.5 and 5 m depth at the sites of
Y3, Y4, Y9, Y10, and Y15, as well as surface water (0.5 m) at
the sites of Y1, Y5, and Y11, in January (dry season) and July
(wet season) from 2018 to 2019, respectively. Water samples
in the JP II reservoir failed to collect because of the majority of
the reservoir covered by tunnels.

Water temperature (T), pH, total dissolved solid (TDS), and
chlorophyll a (Chl a) were measured in situ. T, pH, and TDS
were measured by Ultrameter™ Model 6P with the precision
of ± 0.10 °C, ± 0.20, and ± 0.10 mg L−1, respectively. The
concentrations of Chl a were measured by the Hydrolab DS5
(Hach Corporation, USA, the test precision is ± 0.01 μg L−1).

The water samples were kept refrigerated at 4 °C before
measurements, a portion of each sample was filtrated through

a filter membrane of 0.45 μm, and then analyzed for ion con-
centrations. Samples for cations were acidified to pH < 2 with
HNO3. The concentrations of DSi and sodium (Na+) were
analyzed by the inductively coupled plasma atomic emission
(ICP-AES) and analytical precision was better than 0.5%. The
HCO−

3 was titrated by the automatic titration equipment
TitraLab TIM856 (Hach Corporation, USA), with three times
repeated analysis, analytical precisions in this study were bet-
ter than 0.05mL. The pH values of water samples ranged from
7.94 to 9.12 with an average of 8.39; the concentration of
HCO−

3 was approximately equal to the total alkalinity (Hélie
et al. 2002; Li et al. 2018). The total nitrogen (TN) and total
phosphorus (TP) were analyzed according to the standard col-
orimetric methods (APHA 2005) and the analytical precision
was better than 2%.

The hydrologic data were from the Changjiang
Hydrological Committee (http://www.cjw.gov.cn/).

Calculation of the primary production of the diatom

In the terrestrial freshwater ecosystem, diatom always contrib-
utes to most of the primary production (Wang et al. 2016).
Hence, DSi assimilated by diatoms may be served as the DSi
absorbed by algae. On the basis of Chl a concentration and
other indicators in the reservoir, the primary production of the
diatom and the anabolic HCO−

3 by diatom in the reservoir can
be estimated (Ran et al. 2016). Cadée and Hegeman (1974)
calculated the anabolic organic carbon by diatom:

Pc ¼ Ps � Z � t=2 ð1Þ
where Pc is the carbon fixation (mg·C·m−2 day−1) in the eu-
photic zone; Ps is the potential primary production (mg·C·
m−3 h−1). Z is the euphotic depth (m); t is the daily exposure
time (h day−1).

The potential primary production (Ps) was calculated as
follows:

Ps ¼ Chl a� q ð2Þ
where the Chl a is the Chl a concentration (mg m−3); the q is
the assimilation factor (q = 1.13 mg·C·mg·Chl a−1 h−1,
Behrenfeld and Falkowski 1997).

The euphotic depth (Z) was calculated as follows:

Z ¼ 4:605=Kd ð3Þ
where, Kd is the diffuse attenuation coefficient (m−1)(Fang
et al. 2010). According to formula (3), the euphotic depth
(Z) of the JP I, GD, ET, and TZL was 4.66 m, 7.06 m,
11.63 m, and 8.27 m, respectively.

In terms of the daily exposure time of Panzhihua and
Xichang (http://tjj.sc.gov.cn/), the t of TZL and ET
reservoirs is 7.85 (h day−1), and that of GD and JP I
reservoirs is 7.25 (h day−1).

Fig. 2 a Monthly mean rainfall and runoff over the years in the LYLJR
(rainfall data from http://www.cma.gov.cn/runoffdata from: http://www.
cjw.gov.cn/). bDischarge variation at the mouth of the Yalongjiang River
(http://www.cjw.gov.cn/). c Monthly variation of inflow and outflow of
the Yalongjiang cascade reservoirs in the sampling years (http://www.
cjw.gov.cn/)
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The Si absorbed by diatoms (PSi, mg·Si·m−2 day−1) can be
calculated (Brzezinski 1985):

Psi ¼ 28� Si=Cð Þ � Pc=12 ð4Þ
where Si/C is the stoichiometric ratio of freshwater diatoms
(0.79) (Sicko-Goad et al. 1984).

Export flux calculation and its calibration

For the Yalongjiang River basin, the export flux (Fload) of DSi
and HCO−

3 was calculated respectively on the basis of the
empirical formulas (5):

F load ¼ C � Q ð5Þ
where Fload was the flux of HCO−

3 and DSi (×106 t a−1), re-
spectively, C was the concentration of HCO−

3 and DSi
(mg L−1) respectively, andQwas the discharge (×108 m3 a−1).

The relative errors (δ) for the fluxes was calculated as fol-
lows:

δ ¼ ∑n
i¼1

Qi

nQa

Ci

Ca

����

����−1
� �

� 100% ð6Þ

where n is the number of samples in 1 year, Qi was monthly
discharge, Qa was annual average discharge, Ci was the con-
centration of HCO−

3 and DSi, and Ca was HCO−
3 and DSi

annual average value (Ran et al. 2016).

Statistical analysis

The two-tailed t test was employed to identify the difference
of selected variables between the dry season and the wet sea-
son. Simple linear regression analysis was conducted to coor-
dinate the correlations between the DSi:HCO–

3 ratio and envi-
ronmental factors, water retention time and discharge, respec-
tively. Stepwise regression analysis was used to eliminate the
collinearity of the independent variables (Kolasa-Wiecek
2015). One-way ANOVA in conjunction with Duncan test
was used to uncover the change of the DSi:HCO–

3 ratio in
different situations (including (1) dam-free on the river, (2)
the Ertan dam being built only (ET dam), and (3) the cascade
dams being built (cascade dams)) in the mainstream of the
LYLJR, respectively. Statistical significance in this study
was specified at P < 0.05.

Results

Spatio-temporal variation

The HCO−
3 was the main anion in the LYLJR. The HCO−

3

concentration ranged from 1491.08 to 2492.58 μmol L−1 with

an average of 2147.53 ± 18.17 μmol L−1 in the study area
(Fig. 3a). The DSi concentration varied from 38.39 to
130.89 μmol L−1 with an average of 92.23 ± 1.75 μmol L−1

(Fig. 3b). Concentrations of DSi were significantly higher in
the wet season (105.31 ± 16.95 μmol L−1) than that (75.18 ±
1.65 μmol L−1) in the dry season. However, the concentra-
tions of HCO−

3 were remarkably higher in the dry season
(2286.28 ± 11.60 μmol L−1) than that (2041.04 ±
25.50 μmol L−1) in the wet season (P < 0.05).

The Chl a and pH in the wet season were higher than those
in the dry season (Fig. 3c, d), and the Chl a concentration in
the reservoir of JP I, GD, ET, and TZLwas different, followed
by 5.29 μg L−1, 3.77 μg L−1, 4.03 μg L−1, and 1.26 μg·L−1,
respectively. The Chl a concentration in the JP I reservoir was
highest, ET reservoir took second place (Fig. 3c). Mean TDS
(159.10 ± 1.43 mg L−1) was higher than that (100 mg L−1) of
the global river (Gaillardet et al. 1999). The concentration of
TDS was higher in the dry season than that in the wet season
(Fig. 3e), corresponding to the previous report (Li et al. 2014).
The Na+ concen t r a t i on ranged f rom 140 .54 to
245.22 μmol L−1 with higher seasonal difference (Fig. 3f).
The concentrations of TN in the dry season were higher than
that in the wet season (Fig. 3g). However, the concentrations
of TP in the wet season were higher by 117.57% than that in
the dry season (Fig. 3h).

The DSi:HCO–
3 ratio ranged from 0.022 to 0.073 with

an average value of 0.044 ± 0.001 in the LYLJR. The
different ratio of the DSi:HCO−

3 occurred among the
reservoir of JP I, GD, ET, and TZL, followed by
0.033, 0.047, 0.044, and 0.047, respectively, and the
lower values occurred in the reservoirs of JP I and
ET, the higher values were in the released water (Y11,
Y5, and Y1, Fig. 3i). The DSi:HCO−

3 ratio presented
markedly seasonal difference and increased from up-
stream reservoir (JP I) to downstream reservoir (TZL).
The TN:TP in the dry season (63.40 ± 4.10) was signif-
icantly higher than that in the wet season (35.75 ± 2.53)
(Fig. 3j).

Stratification

The ET and JP I reservoirs showed obvious thermal stratifica-
tion in the wet season, and the thermocline appeared at the
depth of 5–20 m in the water column (Fig. 4). No thermal
stratification occurred in the dry season. The highest concen-
tration of Chl a generally appeared at the depth of 5 m and then
decreased gradually with increasing water depths. The
DSi:HCO–

3 ratio changed dramatically in the wet season and
varied slightly in the dry season. The averaged ratio of
DSi:HCO−

3 in the surface layer were lower than that in the
depth of 25 m during the period of the wet season in the ET
and JP I reservoirs, respectively.
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Major environmental factors influencing DSi: HCO3
–

stoichiometries

The stepwise regression analysis was carried out to identify
the major factors affecting the ratio of DSi:HCO−

3 in the study
area. Environmental factors (TDS, Chl a, pH, TN, TP, TN:TP,
water retention time (WRT), and discharge(D)) were selected
to predict the variations of the DSi:HCO−

3 ratio.
The quantitative relation between the DSi:HCO–

3 ratio (R)
and the most significant environmental factors was expressed
as follows:

Rwet ¼ 0:037−0:101WRTþ 9:06� 10−6Dþ 0:002TP
N ¼ 86;R2 ¼ 0:574;P < 0:001
� � ð7Þ

Rdry ¼ 0:422þ 1:804� 10−4TDS−0:051pHþ 0:001Chla
N ¼ 66;R2 ¼ 0:558;P < 0:001
� �

ð8Þ
where Rdry and Rwet was the DSi:HCO−

3 ratio in the dry
season and the wet season, respectively. WRT was water
retention time (a), and D was discharge (m3 s−1). The
DSi:HCO–

3 ratio was controlled by water retention time,
discharge, and TP in the wet season. In the dry season,
the DSi:HCO−

3 ratio was greatly influenced by TDS, pH,
and Chl a concentration.

Primary production in the cascade reservoirs

On the basis of formulas (1) and (4), the primary produc-
tion of the euphotic zone in the cascade reservoirs ranged
from 6.05 to 820.33 mg·C·m−2 day−1 with an average of
(182.91 ± 52.51) mg·C·m−2 day−1, which was some eight
times higher than that in the released water ((23.18 ± 8.26)
mg·C·m−2 day−1). Furthermore, the primary production
was different in the JP I, GD, ET, and TZL reservoir,
followed by (200.90 ± 41.13) mg·C·m−2 day−1, (121.02 ±
39.16) mg·C·m−2 day−1, (344.51 ± 81.60) mg·C·m−2 day−1,
and (65.22 ± 25.89) mg·C·m−2 day−1, respectively. The di-
a tom primary product ion ranged from 11.04 to
1498.74 mg·Si·m−2 day−1 with an average of (387.20 ±
60.06) mg·Si·m−2 day−1 in the cascade reservoirs, which
was about five times higher than that (79.38 ± 21.74) mg·
Si·m−2 day−1 in the released water. And that, the diatom
primary production existed difference among the JP I, GD,
ET, and TZL reservoir, followed by (367.04 ± 75.15) mg·
Si·m−2 day−1, (221.10 ± 71.55) mg·Si·m−2 day−1, (629.43
± 149.08) mg·Si·m−2 day−1, and (119.15 ± 47.30) mg·Si·
m−2 day−1, respectively.

Obviously, the primary production in the LYLJR was
much higher than that (1.8mg·C·m−2 day−1) in the mainstream
of the Changjiang River (Ran et al. 2016).

Discussion

Response of the DSi: HCO3
– ratio to rock

characteristics in the basin

In general, the riverine hydrochemical components are pri-
marily controlled by the natural processes (e.g., tectonic activ-
ity, chemical weathering, biological processes, and hydrolog-
ical processes) and human activities (Olds et al. 2011; Hughes
et al. 2012; Mosley et al. 2012; Li et al. 2018), of which rock
weathering is the main source of riverine chemical constituent.
For example, 79.8% of the TDS was sourced from the carbon-
ate weathering, 16% of the TDS was from the silicate
weathering, and 1.4% was from evaporite weathering in the
Yalongjiang River (Chen et al. 2002). Riverine DSi is
merely from silicate weathering; however, HCO−

3 is main-
ly derived from weathering of silicate and carbonate, and
the chemical weathering rate of carbonate rock is 17 times
higher than that of silicate rock (Amiotte Suchet and
Probst 1993), together with carbonate rock being widely
distributed in the LYLJR. The HCO−

3 was the main anion
in the LYLJR. The concentration of HCO−

3 (2147.53 ±
18.17 μmol L−1) was approximately 23 times higher than
that of DSi (92.23 ± 1.75 μmol L−1) in the LYLJR. And
that, the HCO−

3 concentration was higher than that
(1991.93 μmol·L−1) of the global rivers (Gaillardet et al.
1999) and that (1732.05 μmol L−1) of the global lakes and
reservoirs (Peng et al. 2014; Zhang et al. 2016b; Cui et al.
2017; Li et al. 2017). However, the DSi concentration was
lower than that (133.02 μmol L−1) of the global rivers
(Gaillardet et al. 1999) and that (122.13 μmol L−1) of
the global lakes and reservoirs (Peng et al. 2014; Zhang
et al. 2016b; Cui et al. 2017; Li et al. 2017).

For calcite, one of the main carbonate minerals, the ratio of
DSi to HCO–

3 is 0, and for a silicate mineral plagioclase, this
ratio is 0.67 (Beaulieu et al. 2010). The ratio of DSi to HCO–

3

varies from 0 to 0.67 for the river flows through carbonate
and/or silicate region (Wang et al. 2016). The averaged ratio
of DSi:HCO–

3 (0.044 ± 0.001) in the LYLJR was lower, close
to that (0.052) of the mainstream of the Yangtze River (Zhang
et al. 2016a) and lower than that (0.14) of the global rivers
(Gaillardet et al. 1999).

As was noted above, the lower ratio of DSi to HCO–
3

was mainly influenced by the dominated carbonate min-
eral in the sedimentary rock composition of the LYLJR
drainage basin.

Change of the relationship between DSi and HCO3
– by

cascade damming

A heterotrophic riverine ecosystem may be transformed into
an autotrophic “impound river (referred to as reservoir)” by
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damming. The changed hydrological regime is in favor of
the growth of aquatic organisms. Phytoplankton is one of
the major primary producers in lakes and reservoirs. Alga
assimilates nutrient elements from their habitats in char-
acteristic stoichiometric ratios (Sterner and Elser 2002).
For example, diatoms, one of the most important phyto-
plankton assemblages in rivers, absorb DSi and form their
cell wall. The average ratio of Si to C is 0.79 for fresh-
water diatoms (Sicko-Goad et al. 1984) and 0.13 for ma-
rine diatoms (Brzezinski 1985). The relationship between
DSi and HCO–

3 could be altered by diatom stoichiometri-
cally assimilating DSi and dissolved CO2/HCO

–
3. The

dissolved CO2 in these reservoirs mainly results from
the conversion of HCO–

3 because the partial pressure of
CO2 in reservoirs is much higher than that of the atmo-
sphere (Wen et al. 2017). The photosynthesis processes of
phytoplankton resulted in DSi significantly positively cor-
relating with HCO−

3 (P < 0.01) in the studied reservoirs
(Fig. 5a), which was consistent with the report in the
Wujiang River with cascade dams (Wang et al. 2013).
Hence, the cascade damming dramatically changed the
negative correlation between DSi and HCO−

3 that was con-
trolled by geological conditions (Gaillardet et al. 1999;
Gao et al. 2009; Wang et al. 2013; Zhang et al. 2016b).

Fig. 3 Variation of the
DSi:HCO−

3 ratio, the TN:TP ratio
and environmental factors in the
reservoir surface water of the
LYLJR
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Relationship between the DSi: HCO3
- ratio and

environmental factors

The relationship between the DSi:HCO–
3 ratio and environ-

mental factors in the cascade reservoirs see Fig. 5. The
DSi:HCO−

3 ratio was significantly negatively correlated with
the Chl a in the wet season and pH (P < 0.05) (Fig. 5b, c),
which was closed to that in the Wujiang River Basin (Wang
et al. 2013). This phenomenon was explained by the phyto-
plankton preferentially absorbing dissolved CO2 and HCO

−
3 in

the course of photosynthesis, which changed the carbonate
balance system in water and caused increasing pH in the eu-
photic layer (Wang et al. 2015).

Generally, the concentrations of riverine N and P constrain
the growth of autotrophic organisms (Yan et al. 2016). The
ratio of TN:TP is usually used to judging the restricted nutri-
ents in lakes and marine ecosystems. The TN:TP ratio is less
than 20 in the N-deficient ecosystem and greater than 50 in the
P-deficient ecosystem (Guildford and Hecky 2000). Pollution
from agriculture, domestic and industrial sewage, and water
retention time could change the ratio of TN:TP in rivers
(Guildford and Hecky 2000; Triplett et al. 2012; Powers
et al. 2015; Yan et al. 2016). In the dry season, the ratios of

TN:TP in the study area were greater than 50, indicating that P
was the main restricted element in the LYLJR (Fig. 3j). In the
wet season, however, the averaged TN:TP ratio was 35.75
resulted from the coupling effect of increasing rainfall and
enhancing fertilization owing to vigorous crop growth sur-
rounding the reservoirs (Wu et al. 2010; Jiu et al. 2018). The
higher TN and TP in the rainwater runoff were carried into the
reservoir and alleviated the limitation of P, which stimulated
the biological processes and enhanced the concentrations of
Chl a (Fig. 3c, j). The ratios of DSi:HCO–

3 were significantly
positively correlated with TP (Fig. 5d), implying that
DSi, HCO–

3, and TP resulted from runoff erosional processes
and were changed by algal growth in the LYLJR. The positive
correlation between the ratios of DSi:HCO–

3 and TP was con-
sistent with that in the Lower Lakes of Australia during the
post-drought period (Li et al. 2018) but inconsistent with that
in the Wujiang River (Wang et al. 2013). Obviously, the rela-
tionship between the DSi:HCO–

3 ratios and TP was
uncertainty.

In this study, we found that the DSi:HCO−
3 ratio was sig-

nificantly positively correlated with the discharge (Fig. 5e).
This phenomenon can be explained by the DSi and HCO–

3

mainly resulted from chemical weathering processes and

Fig. 4 Variations of T, Chl a, and
DSi:HCO−

3 with depths
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erosion processes and the dilution effect of HCO–
3 in the wet

season. The DSi:HCO–
3 was significantly negatively correlated

with the concentration of TDS in the wet season (P < 0.01),
which was consistent with the results of the other watersheds
(Wang et al. 2016; Li et al. 2018). The DSi:HCO−

3 ratio was
significantly negatively correlated with water retention time
(Fig. 5f). The reasonwas that the phytoplankton biomass great-
ly increased with water retention time, resulting in decreasing
of the DSi:HCO–

3 ratio in the reservoirs (Fig. 3i, JP I and ET).
The DSi:HCO–

3 ratio was controlled by water retention
time, discharge, and TP in the wet season (Eq. (7)). That is,
in the wet season, the DSi:HCO–

3 ratio was influenced by the
processes (including rainfall-runoff, rock weathering, and
farming) outside the reservoir and in the reservoir process
(aquatic organism growth). In the dry season, the DSi:HCO−

3

ratio was greatly influenced by TDS, pH, and Chl a concen-
tration (formula (8)). The material/energy exchange between
the reservoir system and its surrounding environment signifi-
cantly decreased and resulted in the disappearance of thermal
stratification and the stability of the water system. The cou-
pling processes of the phytoplankton growth stoichiometrical-
ly assimilating DSi and HCO–

3 and the microbial decomposi-
tion forming HCO–

3 resulted in DSi:HCO–
3 ratio decreasing

within the reservoir, i.e., the DSi:HCO–
3 ratio was mainly con-

trolled by biological processes within the cascade reservoirs.

Retention of DSi and DIC in the cascade reservoirs

The water body retention time was prolonged from 45 to
126.6 days with cascade damming in the LYLJR (Fig. 1b),

and the mean monthly inflow (ranging from 16.67 × 108 to
139.13 × 108 m3) was closed to the mean monthly outflow
(ranging from 24.18 × 108 to 99.34 × 108 m3) of the cascade
reservoirs in the LYLJR (Fig. 2c), being consistent with the
characteristics of the runoff reservoir, which to some extent to
ensure the water demand ratio for the ecosystems in the hot-
dry valley and phytoplankton growth in the reservoirs.

In terms of the primary production of phytoplankton, the
DSi and HCO3

− sequestered by phytoplankton in the cascade
reservoirs was 3.46 × 104 t·Si a−1 and 1.89 × 104 t·C a−1, ac-
counting for 15% of the DSi and 0.5% of the HCO3

− of the
inflow, respectively. It was suggested that a considerable
amount of DSi and HCO3

− in the form of organic matter were
sequestered in the cascade reservoirs in the LYLJR.
Consequently, the cascading dams could extend the biogeo-
chemical coupling cycle of C and Si in inland aquatic
ecosystems.

Dead phytoplankton, especially diatoms, sink faster than
other algae, decomposed and/or deposited at the reservoir bot-
tom (Maavara et al. 2014; Ran et al. 2016), increasing the
DSi:HCO–

3 ratio at the deep/bottom of the reservoir water
column (Fig. 4). The increase in diatom biomass and its de-
position were considered to be the main process of DSi loss in
the top layer of the reservoirs (Frings et al. 2014). The
DSi:HCO−

3 ratio increased significantly (P = 0.002) from the
upper JP I reservoir to the downstream of the TZL dam (Fig.
3i). This phenomenon was due to the higher DSi:HCO–

3 ratio
in the released water (Y11, Y5, Y1 in Fig. 3i). On the basis of
the operation scheme of the reservoirs, the released water
through the dams was mainly from the deep/bottom reservoir

Fig. 5 Relationships between Na-normalized HCO−
3 and DSi (a), and between the DSi:HCO−

3 ratio and the environmental factors (b–f)
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water body with higher ratio of DSi:HCO–
3. Consequently, the

ratio of DSi:HCO−
3 (0.044) was lower in the reservoir water

than that (0.052) at the mouth of the Yalongjiang river.
However, the DSi:HCO−

3 ratio (0.052) at the mouth of the
Yalongjiang river was slightly lower than that (0.059) in the
upper-middle reach of the Yalongjiang River (Li et al. 2014),
which evidenced the retention of DSi in the operating cascade
damming too.

At the mouth of Yalongjiang River, the export flux of
HCO−

3 and DSi was 7.50 × 106 t a−1 (with error − 6.97%)
and 0.18 × 106 t a−1 (with error − 1.15%), respectively, and
the mean DSi:HCO–

3 ratio was 0.052 ± 0.008 with the cas-
cade damming in the mainstream of the LYLJR (Fig. 6).

However, the export flux of HCO−
3 and DSi (the data from

Chen et al. (2002)) was 8.51 × 106 t a−1 and 0.48 ×
106 t a−1, respectively, the mean DSi:HCO–

3 ratio was
(0.111 ± 0.024) in the case of dam-free in the mainstream
of the LYLJR (Fig. 6). Clearly, the export flux of HCO−

3

and DSi as well as the DSi:HCO–
3 ratio decreased by the

cascade damming in the mainstream of the LYLJR.
Compared with the situation of dam-free in the LYLJR,
the export flux of HCO−

3 and DSi at the mouth of the
Yalongjiang River was reduced by 11.87% and 62.50%,
respectively; the DSi:HCO–

3 ratio was reduced by 36.01%
and 53.15% with the ET damming only and cascade dam-
ming in the mainstream of the LYLJR, respectively.

Fig. 7 a Conceptual model of the
coupling carbon and silicon cycle
in the cascade reservoirs. The
straight arrow indicates the
upstream input, and the curved
arrow denotes the input from
tributaries and reservoir
surrounding, respectively. b The
carbon and silicon cycle within
the reservoirs

Fig. 6 Comparison of the output
flux of HCO–

3 and DSi at the
mouth of Yalongjiang River (a),
the DSi:HCO–

3 ratio in the LYLJR
mainstream in the case of dam-
free, the ET dam only, and the
cascade dams, respectively (b)
(partial data from (Chen et al.
2002; Li et al. 2014)). Different
letters indicate significant differ-
ences at P < 0.05
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Migration and transformation of C and Si in reservoirs

Based on the above analysis, a conceptual model of DSi and C
cycle with cascade damming in the LYLJR was established
(Fig. 7).

It is assumed that the DSi and HCO–
3 undergo the same path

(surface water body–phytoplankton–deep water body) from
JP I to TZL reservoir. The DSi and HCO–

3 from the upstream
or around the reservoir are transported into the water body of
the cascade reservoirs in the LYLJR (Fig. 7a). In reservoirs,
the biomass of the phytoplankton and microorganisms in-
creases with the water flow slowing down and increasing wa-
ter retention time. Both dissolved CO2 and HCO

−
3 serve as the

inorganic carbon source (Tortell et al. 1997), while DSi is the
only silicon source required for the phytoplankton, especially
diatom growing. Consequently, phytoplankton photosynthe-
sis caused the decrease of DSi and HCO–

3 in the surface waters
(Beaulieu et al. 2010; Wang et al. 2016). The dead phyto-
plankton is then decomposed and/or deposited at the bottom
of the water body (Maavara et al. 2014; Ran et al. 2016). The
dissolution and mineralization of biogenic silica and organic
carbon (OC) in sediments is limited by the environmental
conditions (temperature, light, anoxic environment, etc.)
(Loucaides et al. 2012; Isidorova et al. 2019). Compared to
organic carbon, DSi has a higher recycling efficiency
(Maavara et al. 2014, 2017), but more DSi is absorbed by
phytoplankton and eventually trapped in the reservoir
(Frings et al. 2014). Therefore, both the retention of DSi by
phytoplankton and the conversion of OC to DIC by microor-
ganisms cause the decrease of DSi: HCO−

3 in the water col-
umn (Fig. 7b). The average ratio of silicon to carbon (0.79) of
freshwater diatoms (Sicko-Goad et al. 1984; Tortell et al.
1997) is much larger than that (0.048) in river water of the
LYLJR. The phytoplankton biomass in the reservoirs of the JP
I, GD, ET, and TZL was higher than that of the watercourse in
the LYLJR. A considerable amount of DSi and DIC were
sequestered in the cascade reservoirs. Consequently, the cas-
cading dams could extend the biogeochemical coupling cycle
of C and Si in inland aquatic ecosystems.

Conclusion

River cascade damming may alter the biogeochemical cycle
of the riverine DIC and DSi by increasing biological processes
in reservoirs. The lower ratio of DSi to HCO–

3 (0.044 ± 0.001)
was mainly controlled by the domination of carbonate mineral
in the sedimentary rock of the Yalongjiang River drainage
basin. The DSi:HCO–

3 ratio was positively correlated with
discharge (P < 0.05), and negatively correlated with the water
retention time (P < 0.01) and Chl a, implying that the varia-
tions of DSi:HCO–

3 ratio were mainly determined by the rock

chemical weathering processes and the hydrologic process
outside the reservoirs and the biological processes within the
cascade reservoirs. The phytoplankton photosynthetic process
stoichiometrically assimilated DSi and HCO–

3, resulted in
3.46 × 104 t·Si a−1 and 1.89 × 104 t·C a−1 sequestering in the
cascade reservoirs, respectively. Compared with the situation
of dam-free in the LYLJR, the export flux of HCO−

3 and DSi at
the mouth of Yalongjiang River was reduced by 11.87% and
62.50%, respectively; the ratio of DSi:HCO–

3 decreased by
36.01% for only building the ET dam and 53.15% for the
cascade damming, respectively. The water renewal time
prolonged from 45 to 126.6 days due to the regulation of the
cascade reservoirs in the mainstream. Ultimately, a conceptual
model on migration-transformation of DIC and DSi in the
cascade reservoirs in the LYLJR was established. These find-
ings demonstrated that riverine cascade damming could ex-
tend the biogeochemical coupling cycle of DIC and DSi with-
in the inland aquatic ecosystems and ensure the ecological
environment security in the hot-dry valley.
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