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Abstract

Background: Seasonal variations of stable hydrogen and oxygen isotopes in river water can be used to indicate
hydrological processes and the water cycle in the river basin. This study presents a high-resolution time series of

stable oxygen isotopic record (5'80) in the lower Changjiang (Yangtze) River mainstream and aims to investigate the
regional water cycle concerning natural climate changes and anthropogenic activities.

Results: The river water 6'%0 shows apparent seasonal variations, which is overall higher during the dry season and
lower during the flood season. This basin-scale seasonal variation of §'®0 in precipitation over the Changjiang catch-
ment is calculated based on the long-term meteorological and hydrological data. The seasonal variation of §'%0 in the
lower Changjiang river water is largely constrained by monsoon-induced precipitation, but is more directly controlled
by the mixing of waters from the upper reaches and the tributary lakes in the middle valley.

Conclusions: The relative contributions of waters from the upstream and tributary lakes to the lower Changjiang
mainstream have been considerably altered by the construction of Three Gorges Dam via the regulation of river
discharges. A comparison of river water isotopic records with water discharges from the lakes suggests that it takes
about 2 weeks (~ 17 days) for the Changjiang river water to circumvent the mid-lower reaches of the catchment
before traveling to the sea. This study suggests that the stable hydrogen and oxygen isotopes can be harnessed as
sensitive indicators for water cycling within a large catchment that is driven primarily by natural forcing though sub-
ject to substantial human impacts.

Keywords: Stable hydrogen and oxygen isotopes, Water cycle, Changjiang (Yangtze) River, Precipitation, Damming
effect

Background

Over the past three decades, stable hydrogen (H) and
oxygen (O) isotopic compositions in river water have pro-
vided deep insights into various hydrological processes
and river water cycling at different spatial and temporal
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scales [1-5]. In general, these studies were mostly con-
ducted in small and well-instrumented catchments with
drainage areas ranged from 0.01 to 100 km? and located
typically in headwater regions, yet little attention is paid
to the larger (100 to >1000 km? in catchment area), and
the poorer instrumented basins [2, 6]. Isotopic responses
are often intricate in large river systems, which often
reflect an integrated influence of hydrological processes
from meteoric precipitation to various discharges,
including those from the groundwater, melting glaciers,
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dams, lakes, karst terrain, evaporation, snowmelt events,
and tributary mixing [7, 8]. The use of isotopic tracer has
been greatly limited in the river due to the lack of long-
term isotopic data [9]. For instance, though a conceptual
framework has been established in estimating global iso-
tope balance, the isotope mass balance on modern conti-
nents has remained poorly understood, primarily due to
the lack of long-term systematic observations on riverine
fluxes to the oceans [4]. Moreover, the reconstructions of
continental palaeoclimate and palaeohydrology based on
stable isotopic signals preserved in various archives may
be hampered by poor recognition of the modern isotopic
patterns and the hydrologic cycle. Therefore, it is crucial
to commence with a long-term stable isotope monitor-
ing for the collection of baseline isotopic data. Moreover,
the long-term stable isotopic observations in the exten-
sive river system can improve our understanding on the
sustainable management of water supply, flood—drought
cycles, ecosystem, and human health in the catchments
[2].

In the year 2002, the International Atomic Energy
Agency (IAEA) launched a coordinated research pro-
ject entitled “Isotope tracing of hydrological processes in
large river basins’, aimed to develop and examine quan-
titative isotopic analysis methods for water balance and
related hydrological processes [10]. In 2007, another
research program, “Global Network of Isotopes in Rivers
(GNIR)’;, also led by IAEA, compiled isotopes data from
global rivers to complement with the IAEA/World Mete-
orological Organization (WMO)’s database of the “global
network of isotopes in precipitation” (GNIP). The GNIR
encourages systematic collections of global river water
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isotopic data to provide a better understanding of the
resilience of major global river systems to environmental
and human perturbations (http://www-naweb.iaea.org/
napc/ih/ihs_resources_gnir.html).

The Changjiang River originates from the Tibetan Pla-
teau and enters the East China Sea near the city of Shang-
hai, with a watershed of about 1.8 x 10° km? (Fig. 1).
Changjiang tributary is extensively developed in its large
drainage basin, which fosters 49 tributaries with each
catchment area covers over 10,000 km?. Traditionally, the
upper reaches of the Changjiang River refers to the sec-
tion from Yibin to Yichang; the middle refers to the sec-
tion from Yichang to Hukou, where Poyang Lake meets
the river; whereas the lower reaches extended from
Hukou to the river mouth. Many of the large tributaries
of the Changjiang River are located in the upstream of
the Three Gorges.

The Changjiang (Yangtze) River is the longest (about
6397 km) river in Asia and the third-longest in the world,
and it plays a vital role in the socio-economic develop-
ment of China. Over the past five decades, water con-
sumption has increased dramatically due to the domestic,
industrial, and agricultural developments in the Changji-
ang catchment. Anthropogenic perturbation mainly
constituted of deforestation, dam/reservoirs construc-
tion, and sand/stone excavation. Today, the Changjiang
River is subjected to increasing environmental prob-
lems such as floods and droughts, e.g., 1320 people died
in the disastrous floods in 1998 with a direct economic
loss exceeding 166 billion CNY [11]. Furthermore, water
quality and its ecosystem [12, 13], water and soil loss [14],
erosion of river channel, and delta [15-17] within the
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Fig. 1 Map of the Changjiang River catchment with the sampling sites. Major lakes and tributaries and the Three Gorges Dam (TGD) are indicated
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Changjiang catchment are all of prodigious concerns to
the government, public, as well as the scientists.

A systematic investigation of H and O isotopes in the
Changjiang river water was initiated in 2002 by a pro-
gram namely “The isotopic tracing of hydrology processes
in the Yangtze River basin’, which was a joint-research
with “Designing criteria for a network to monitor iso-
tope composition of runoff in large rivers” by IAEA [10].
This investigation provides the first systematic analysis of
stable H and O isotopes in the Changjiang River, which
then inspired a series of investigations focused on spatial
and temporal variations of stable isotopes [18—23]. These
studies suggest that the 8D and §'®0 of the Changjiang
river water increase gradually from the upstream to estu-
ary due to reducing runoff influences from the alpine
catchments [19], “continental effect” [24] of the local pre-
cipitation [10], and increasing water contributions from
tributary rivers and lakes in the middle and lower reaches
[19, 25, 26]. Notwithstanding, these studies mainly focus
on the spatial distribution of H and O isotopes along the
Changjiang River, while few explicit analyses concerning
the seasonal isotopic variations were conducted [27].

In this study, we present a 2-year H and O isotopes time
series in the lower Changjiang mainstream to develop an
application of isotopic tracers for surface water cycle in a
large river basin subject to the sophisticated natural set-
ting facing increasing human activities. The primary pur-
pose of this study is to: (1) identify the seasonal variations
of H and O isotopes in the Changjiang river water and its
associated controlling mechanisms; (2) to elucidate how
natural climate change and human activities (dam con-
struction and artificial regulations) affect the water cycle
in the Changjiang River.

Methods

A total of 75 river water samples were collected from
the lower Changjiang mainstream close to Nantong
(31.96° N, 120.83° E; Fig. 1) from November 12, 2012, to
December 13, 2014, with the sampling interval ranged
from 1 to 2 weeks. 6 other supplementary water sam-
ples were taken from Dongting Lake (4 samples) and
Poyang Lake (2 samples) between 2012 and 2013 (Addi-
tional file 1: Table S1). The lake water was collected
close to the confluence where lake water first joins the
Changjiang mainstream. All of the water samples were
collected at the depth of about 50 cm below the water
surface and sealed in the plastic bottles immediately
after collection. The samples were analyzed for stable
hydrogen and oxygen isotopes using the Isotopic Water
Analyzer (IWA-45EP, Los Gatos Research, USA) in
the State Key Laboratory of Marine Geology at Tongji
University, Shanghai. The results are presented in rela-
tive abundance (8D and §'®0, respectively) of D and
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180 isotopes, given in per mil (%o0) with reference to
the international standard VSMOW (Vienna Standard
Mean Ocean Water). The precisions of 8D and §%0
measurements are higher than +0.5% and =+ 0.1%o,
respectively.

Existing 8D and 8'®O data available in the river
water from Chongqing, Datong, and in the lake water
from Dongting and Poyang are used as references in
the study. This study referred to the §'0 values of the
monthly precipitation in the selective sites over the
Changjiang catchment (Fig. 2), and the precipitation
data derived mainly from the GNIP (IAEA) isotopic
database. Detailed information on the samples and
reference data can be found in Table 1 and Additional
file 1: Table S1.

Results

Seasonal variations of river water 8D and §'%0

in the Changjiang mainstream

The 8D and §'®0 in the Changjiang river water in Nan-
tong are given in Additional file 1: Table S1. The 8D
ranges from —73.3%o to — 38.3%o, with a mean value of
— 56.4%o, while 5'®0 varies from — 10.6%o to — 6.4%o with
an average of —8.5%o. A plot of 8D versus 80 (Fig. 3)
reveals that the Changjiang River samples (excluding the
lake samples) show a strong positive linear relationship:
8D=85x8""0+155 (R*=0.98). Both 8D and 8O
in the lower Changjiang mainstream in Nantong and
Datong are higher than those in the upper mainstream in
Chongging. As 8D is highly correlated with §'®0 in the
Changjiang river water, only §'0 will be discussed in the
following discussion.

The §'8O time-series data in the Changjiang river
water are presented in Fig. 4a, showing an evident sea-
sonal variation between dry and flood seasons. During
our sampling period, the §'®0 is in overall enriched in
the dry season (November to April), but depleted dur-
ing the flood season (May to October). The seasonal %0
variability in Nantong is very similar to that of Datong
(Fig. 4a), which is as well located in the lower Changjiang
reaches but upstream of Nantong. The seasonal variation
of 8180 in Poyang Lake is always higher, but relatively sta-
ble than that of Nantong within the year, while the sea-
sonal §'®0 variability in Chonggqing, which is located in
the upper Changjiang reaches, is much variable and in
overall lower except in May and June. The §'®0 in Nan-
tong and Datong fell within the ranges between Chong-
qing and the Poyang Lake. Note that some discrete data
(scattered points in Fig. 4a) from the Dongting Lake,
Poyang Lake, and Chonggqing station (this study and ref-
erence data) are also compared to assess for the repre-
sentative time-series samples.
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Fig. 2 Multi-year (1987-1993) precipitation in Nanjing (a) and the Changjiang catchment (b). Precipitation 8’80 in Nanjing is likewise indicated in a.

the precipitation data of the Changjiang catchment are referred from Yang

Basin-scale seasonal precipitation §'80 in Changjiang

River basin

The topography in the Changjiang River catchment is
sewn by three China continent terraces, spanning from
the western highlands to the eastern low-relief delta
plain. The river basin subjects to two different monsoon
climate regimes, the East Asian Monsoon system in the
middle/lower valleys and the Indian Monsoon zone in
the uppermost basin and source area [28]. As a result, the
precipitation amount and its §'30 value vary in space and
times within the Changjiang catchment.

In this regard, a basin-scale seasonal variation in
precipitation 8'80 is a prerequisite for a comprehen-
sive 8%0 comparison between the precipitation and
river water. To evaluate for the total precipitation in

Changjiang catchment, the catchment is divided into
12 sub-basins based on unique characteristics pos-
sessed by its tributaries, alphabetically named from
Zone A; to Zone K from the upper river basin to the
river mouth (Fig. 5). A total of 12 GNIP stations with
multi-year records of precipitation §'0 were selected
to quantify the precipitation of each sub-basin. Mean-
while, long-term precipitation data and sub-basin
coverage areas are used to calculate the precipitation
amount for each sub-basin. On this basis, the sub-basin
weighted §'®0 in precipitation covering the Changjiang
river basin in each month can be estimated by Eq. (1):

Z (3180i x P; x AL‘)
> (P x Ay)

5180 — , (1)
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Fig. 3 The plot of 8D v.s. §'%0 for the Changjiang river and lake
water samples. Reference water samples from the Changjiang River
in Chongging and Datong, Dongting Lake and Poyang Lake are
also included for the comparison (see details in the Supplementary
Table 1). Global Meteoric Water Line (GMWL) is derived from Craig
[30]. 8D and &6'80 regression line for the Changjiang river water is
calculated based on the samples obtained from Nantong, Datong,
and Chongging sites

where §'%0, stands for monthly §'30 in station i, P, and
A, represent the precipitation amount and drainage basin
area for the corresponding sub-basin. The details of each
station and sub-basin are listed in Tables 1 and 2.

The monthly sub-basin-weighted precipitation §'%0
data are displayed in Fig. 4a. The precipitation §'®0 in
the Changjiang catchment is overall higher (~—4%o)
from January to May, albeit with a decreasing trend, and
remains lower from June to October (~—10%o), finally
increases to a high level again in November and Decem-
ber. In other words, the precipitation §'%0 is higher in
the dry season (winter), but lower in flood season (sum-
mer). The precipitation §'®0 has a similar overall trend
with the river water 8'%0 in the time-series monitoring,
albeit with considerable variability.

Discussion

Distribution of 8D and 520 in the Changjiang river water
The water on the land surface is predominantly replen-
ished by precipitation during the global water cycle. As a
result, §D and §'®0 in the river water are determined by
the isotopic composition of precipitation and thus may
serve as a good proxy for precipitation isotopic compo-
sition [1]. However, in some cases, the 8D and §'%0 in
river water are different from the local precipitation due
to evaporation, transpiration from different altitudes [4].
In particular, for the large rivers, the 8D and §'%0 of river
water may vary significantly from the precipitation as a
result of the “catchment effect” [29]. In Fig. 3, the regres-
sion line of 8D and 80 for the Changjiang river water
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is 5D =8.5 x %0 +15.5 (R*=0.98), displays a more pro-
nounced slope and higher intercept than GMWL [30].
However, the correlation of river water 8D and §'%0
in accordance with local meteoric water line (LMWL)
observed in specific cities in the Changjiang catchment,
e.g., 8D =7.34 x §'%0 +2.56%0 (R*=0.98; Kunming site),
8D =8.47 x §'®*0+15.46%0 (R*=0.99; Changsha site)
and 8D =8.43 x 880+ 17.46%0 (R*=0.98; Nanjing site),
which are calculated based on archived precipitation data
retrieved from GNIP [31].

Compared to the riverine samples, the lake samples
show the highest 8D and §'%0 values and significant vari-
ations, which suggest that the lake water in the Changji-
ang catchment suffers from more significant evaporative
fractionation than river water. The river water samples
from Chonggqing in the upstream are more depleted in
both 8D and §'®0 than those from the lakes in the mid-
dle reaches and from Nantong and Datong downstream.
880 depletion in the Changjiang river water with
increasing elevation is probably due to the “continent
effect/elevation effect’, which has been thoroughly inves-
tigated by [10, 19].

These substantial differences in isotopic ratios between
Changjiang sub-basins are primarily fashioned by differ-
ent isotopic compositions in the local precipitation, and
partly by the combined effects of evaporation, ground-
water replenishment, and perhaps snow melting in the
mountain area in each specific sub-basin [10, 19, 25].

The seasonal variations of §'%0 in Nantong river water
from lower Changjiang reaches show a similar time series
with other large rivers in the world, e.g., the Amazon
[32], Danube [33], Mekong [34]. The seasonal variations
of water isotopes for large rivers are believed to be domi-
nated by the water isotopic composition of precipitation
[9, 35]. Except the precipitation, snowmelt water can also
have significant impact on large river water isotopic com-
position. For example, runoff with snowmelt water hav-
ing a low 8'®0 causes clear seasonality with low §'®0 in
Lena river water isotope time series, while contribution
of summer precipitation to Lena river water is not sig-
nificant [36]. The overall seasonal variations of water iso-
topes for large rivers are complex and can be influenced
by many factors like precipitation, snowmelt, groundwa-
ter and so on.

Seasonal variation of §'20 for the precipitation

in a basin-scale

A deep insight into the spatial distribution of precipita-
tion isotopes will improve our understanding of large-
scale catchment water cycling dynamics. In the 1980s
and 1990s, GNIP has been systematically monitored
over the precipitation 8D and §'0 in the Changjiang
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Three Gorges

(Upper Yichang) Reservoir

Source 1
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(Lakes)

Fig. 5 A two-end-member model shows the water mixing in the Changjiang mainstream. Source 1 indicates the contribution from catchment
upstream, Yichang and Source 2 indicates the contribution of Dongting and Poyang Lakes in the middle valley. The sub-basins were defined based
on different tributary systems and are labeled with a capital letter from A, to K. Note that the Jinshajiang sub-basin is further divided into two parts
(the region upstream Shigu (A;) and downstream Shigu (A,), due to two distinct topography and climate regimes span across the Jinshajiang
catchment. The stations for isotopic sampling and meteorological data are likewise indicated in this figure. Refer to Tables 1 and 2 for details of the
abbreviations for each station

Table 2 Basin area and precipitation amount for each Changjiang sub-basin

YS? (A,)P KM (A,) CD (B) cQ(C, D) ZY (E) CS (H) WH (G, F) NC(I) NJ (J) SH (K)
Area for each sub-basin (x 10% km?)
2142 28.05 16.34 26.52 7.59 25.24 2547 15.64 10.53 3.21
Precipitation (mm) for selective meteorological stations in each sub-basin
Jan 40 13.5 9.1 19.3 234 75.6 404 67.0 36.8 66.2
Feb 4.5 12.3 83 21.1 219 915 62.6 99.9 527 63.2
Mar 8.6 16.5 250 42.6 384 1424 97.2 172.1 750 89.7
Apr 14.5 228 355 929 855 182.9 1375 216.7 829 68.5
May 54.6 89.8 104.9 152.2 147.0 200.1 169.0 256.0 924 826
Jun 99.5 1754 111.7 180.0 1959 224.8 2164 292.0 164.2 1757
Jul 102.0 204.6 2246 160.0 149.9 151.7 191.6 1286 197.2 1346
Aug 87.2 196.0 170.3 1335 1264 108.5 120.1 1125 129.8 202.2
Sep 74.7 1172 1193 1234 933 82.1 833 709 814 79.5
Oct 288 834 47.0 92.1 1021 66.5 71.1 544 51.1 613
Nov 29 359 153 481 481 76.2 53.2 654 49.9 510
Dec 1.7 13.1 6.2 243 24.0 49.1 2838 46.5 289 434

YS Yushu, KM Kunming, CD Chengdu, CQ Chongqing, ZY Zunyi, CS Changsha, WH Wuhan, NC Nanchang, NJ Nanjing, SH Shanghai

2 Data on the precipitation amount for each meteorological station in the Changjiang catchment are retrieved from the Chinese Meteorological Data Share Service
System (http://cdc.cma.gov.cn/home.do)

b The 12 sub-basins of the Changjiang catchment are indicated by capital letters from A, to K (see Fig. 5)

catchment. Among the 37 GNIP stations in China, 8
stations were set up within the Changjiang catchment
to collect the primary isotopic data of precipitation
across the basin. In most of the mid- and high-latitude
land areas, the precipitation §'%0 is enriched in sum-
mer and depleted in winter because both the 6D and
8180 are positively correlated with temperature [37].

However, this seasonal isotopic trend was reversed
in the coastal region of East China, e.g., the Changji-
ang catchment (Fig. 4a), where 8D and §'%0 values are
higher in winter than in the summer [28, 38]. During
the past decades, many investigators have attempted
to explain the isotopic characteristics of precipita-
tion observed in East China, and most agree that the
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isotopic characteristics of precipitation are strongly
regulated by the distinct monsoon system and topogra-
phy in East Asia [28, 38—42].

The Changjiang River basin is located primarily in the
subtropical and temperate climate zone, and most parts
of the basin prevailed by the subtropical monsoon cli-
mate. Two types of monsoon current flow through the
basin in a year, the Siberian northwest winter monsoon
and the Asian southeast summer monsoon (or Indian
southwest summer monsoon in the upper Changjiang
reaches) [28]. Changjiang River discharge sourced pri-
marily from precipitation. The mean annual precipitation
was 1057 mm, made up of an approximate total discharge
of 1912 x 10° m*/year. In general, the summer monsoon
initiated in April and impacts the Changjiang basin then
retreats in October, which determines the timing of the
rainy season from May to October, and most precipita-
tion concentrates from July to August [43]. However, the
spatial and temporal variations of precipitation in the
Changjiang catchment are rather intricate and highly
associated with the prevailing monsoon system and
diverse topography. As a whole, about 70-90% of the
total annual precipitation occurred from May to Septem-
ber, with significant temporal variations, but no appar-
ent long-term trend observed over the last five decades
(Fig. 2a). On the other hand, the spatial distribution of
rainfall is particularly irregular [44]. Overall, the rainfall
in general decreases from the southeast (lower reaches)
to the northwest (upper reaches) of the basin because of
the migration of monsoon-induced rain front from the
southeast to the northwest of the coastal region in China
[43].

Previous studies on precipitation water isotopes in the
Changjiang catchment were based primarily on the data
from the individual meteorological station, while the
basin-scale isotopic characteristics have been scarcely
investigated. As the spatial distribution of the rainfall is
exceptionally irregular in the Changjiang basin, the rain-
fall amount and its H and O isotopic composition can
vary by region, especially between the upper and lower
reaches [28, 38, 40]. The Changjiang river water, in par-
ticular from the lower reaches, integrates the water from
the entire basin. Therefore, a more comprehensive com-
parison of 8D and 8'80 between river water and basin-
scale precipitation is critical to understand the influence
of precipitation on river water. In this regard, our study
provides the first practical synthesis of basin-scale pre-
cipitation 8'80. As shown in Fig. 4a, the basin-scale §'%0
in the precipitation is nearly the same in each site, but
slightly varies due to variable climate and topography in
the catchment. Our calculation indicates that the precip-
itation 8'80 is high (~ —4%o) from January to May, but
decreases rapidly in June and remains in a lower value
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(~—10%o) until October. The 8'30 then rises back to a
higher value (~—4%o) and maintains till the next year.
Although our calculation may somewhat underestimate
the complex precipitation processes in each sub-basin
(Fig. 5 and Eq. (1)), dividing the basin into different sub-
catchments based on its key tributaries does allow for a
first-order estimation of 8'%0 in a basin-scale, made a
significant difference compared to the previous attempts.

In comparison, the 2-year time series Changjiang river
water §'0 in Nantong reveals similar seasonal variations
with the precipitation, yielded high 8’80 in winter and
low 880 in summer (Fig. 4a), suggests a potential cor-
relation between river water and precipitation. The river
water 880 variation in Datong also displays a similar
trend as that observed in Nantong, while the §'0 varia-
tion in Chongqing is different from those in Nantong and
Datong. The river water §'®0 in Chongging is exception-
ally high in May and June 2004. The reason behind the
phenomenon remains unclear, but may be attributed to
some specific climate or local events. Regardless of the
several abnormal values observed in May and June, the
river §'®0 in Chonggqing exhibits similar seasonal varia-
tions with those in Nantong and Datong, though the vari-
ation between winter and summer is not as notable as the
latter two sites.

In contrast, the seasonal variations of §'%0 in Poyang
Lake are remarkably different from the other sites, show-
ing a V-pattern with the lowest §'%0 observed in June
and July in the first monitoring year (Fig. 4a). This fea-
ture to some extent may be determined by evaporation
depending on the local temperature and humidity. Apart
from the trends, there are differences observed in abso-
lute 8'0 values between the precipitation and Changji-
ang river water. For instance, both the absolute values and
the §'80 range in the Changjiang river water are smaller
than that of the precipitation. This is probably due to the
derivation of river water, primarily from precipitation
upstream of the sampling location (i.e., at higher eleva-
tions), though the upstream §'®0 values are often lower
than local precipitation §'80, particularly in catchments
with high elevation gradients [29]. Different isotopic
ranges between river water and precipitation could be
resulted from the catchment which receiving water tracer
(e.g., 8'80) inputs that were transported across diverse
flow paths through the unsaturated and saturated zones
as tracers migrate through the sub-surface toward the
stream network [45], thus the amplitudes of §'80 can be
significantly dampened in river water relative to those of
precipitation.

Despite the discussion above, the seasonal variations
of 880 in the Changjiang river water are generally con-
sistent with the basin-scale pattern of precipitation §'80.
Combined with the findings in this research, it is believed
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that the long-term §'%0 time series in the Changjiang
river water is mainly dominated by local precipitation.
Nevertheless, it is worth mentioning that the isotopic
signature of a river, especially for the enormous river,
is multifaceted, and can be altered by many hydrologi-
cal processes, such as evaporation in the lakes and river
surface [46], transpiration of vegetation [47, 48], and
recharge from groundwater [49]. These hydrological
processes, however, are beyond the scope of this study
that focuses on the temporal variation of stable isotopes
rather than the constraint of absolute isotopic value in
the given catchment.

Our calculation on 80 in precipitation over the
Changjiang catchment may yield significant uncertainty
due to limited isotopic observation stations available
(mostly from GNIP) and antiquity of dataset (mainly in
the late 1980s and 1990s). Nevertheless, this work pro-
vides the first attempt to estimate the seasonal variabil-
ity of precipitation §'®0 of the basin-scale and offers a
quantitative isotopic comparison between river water and
precipitation. As shown in Fig. 2a, the monthly precipi-
tation average from Nanjing (GNIP station) in the lower
Changjiang River is generally constant albeit the large
seasonal fluctuations from 1987 to 1993, while a longer
basin-scale precipitation record (Fig. 2b) in the Changji-
ang River also reveals a similar trend since the 1950s [15].
At the same time, the nationwide precipitation amount in
China increases only by 2% from 1960 to 2000 [50] that
conforms with the findings in the Changjiang catchment.
Similar to the precipitation pattern, the stable H and O
isotopic compositions in precipitation (e.g., 8'30 of pre-
cipitation in Nanjing, Fig. 2a) yielded significant seasonal
variations but an overall constant annual average during
the past several decades. Similar observations have also
been recently reported [38] based on the dataset pro-
vided by the Chinese Network of Isotopes in Precipitation
(CHNIP). In this case, our estimation of basin-scale §¥0
in precipitation over the Changjiang catchment may serve
as a long-term dataset, provides essential background for
the future isotopic study in the Changjiang River.

Water mixing determines the seasonal variation of §'80

in the lower Changjiang river water

The seasonal variations of 8D and §'®0 in river water
from large rivers made a useful proxy to investigate the
catchment hydrology, impacts of climate change and
human activities on river discharges, and can be used to
structure and validate on newly proposed hydrological
models [22, 51]. However, the reasonable interpretation
of seasonal stable isotopes variation depends mostly
on the understanding of the hydrological setting and
meteorological conditions of the river. For instance,
the low-resolution isotopic sampling or hydrological
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monitoring may hinder the discovery of subtle relations
between river water isotopes and local hydrological
settings.

For the Changjiang river system, major tributaries
are primarily located in the upper reaches of the Three
Gorges except for the Hanjiang River, while many lakes,
including the two largest lakes, Dongting Lake and Poy-
ang Lake, are located in the middle and lower reaches.
The Changjiang water discharge into the East China Sea
is hence largely determined by the upstream contribu-
tion (regulated by Yichang gauging station) and the dis-
charges from the Dongting and Poyang lakes (Fig. 4b).
The two most significant freshwater lakes, Poyang Lake
and Dongting Lake, are located in the middle, and lower
Changjiang reaches, with basin coverage up to 4125 km?
and 4040 km?, respectively. Both lakes receive river water
from several tributaries as well as the Changjiang main-
stream (Fig. 1), which exerts an essential role in buffering
the flood from the Changjiang upstream during the flood
season. Here, we employ a simple conceptual model to
quantitatively estimate the relative water contributions
from the upper reaches and from the lakes to the lower
Changjiang mainstream.

The water discharges data from Dongting Lake, Poyang
Lake, and Hanjiang River were obtained from the gaug-
ing stations in Chenglingji, Hukou, and Huangzhuang,
respectively. The river water discharge in Nantong is
derived from the Datong gauging station as there is no
regular gauging station in Nantong, and no significant
tributaries exist between these two sites. Locations of
each gauge station are shown in Fig. 1. Daily river water
discharge data (November 2012 to December 2014) for
all these stations are sourced from Changjiang Wuhan
Waterway Bureau (http://yu-zhu.vicp.net/) and plotted
in Fig. 4b. Apparently, the Hanjiang River only accounts
for a small proportion (less than 5%) of total discharge
in Datong, which will not be considered in the following
calculation.

The total water discharge from the Dongting Lake, Poy-
ang Lake, and Yichang upstream is very similar to that of
Datong (Fig. 4b), suggesting that these three end-mem-
bers predominantly supply the water discharge to the
lower Changjiang mainstream in Datong. As Dongting
and Poyang lakes have very similar temporal variations
in water discharges (Fig. 4b) and isotopic compositions
(Fig. 3), their total water discharges to the Changjiang
mainstream are categorized under the same unit, as lake
contribution. The river water across Nantong, therefore,
can be simplified to merely two main end-members, i.e.,
the source (1) from the Yichang upstream and (2) from
the two lakes in the middle reaches (Fig. 6). In this case,
the daily water contribution from the lakes to water dis-
charge in Nantong can be simply calculated by Eq. (2):
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Disy,

Lake contribution = ———,
Disy, + Disyc

()
where Dis; and Disy. represent the water discharges
from the lakes and the Yichang station, respectively. The
calculated lake contribution to Changjiang discharge is
presented in Fig. 4c. From the periods of November 2012
to June 2013 and March to July 2014, the Changjiang
water discharge in Nantong is primarily sourced from the
lakes. In other months during the monitoring period, the
upper catchment upstream of Yichang has supplied much
water to the lower Changjiang mainstream.

The injection of the lake water with higher §'%0 due to
evaporation [25], to the Changjiang mainstream, causes
elevated 8'%0 in the Changjiang river water downstream
of the lakes (Figs. 3 and 4a) [10, 19, 26]. From the peri-
ods of July 2013 to late February 2014, and from July
to December 2014, the river water §'0 values in Nan-
tong are relatively low, which corresponds to the reduc-
ing water contribution from the lakes. It is interesting to
note that the 8'%0 in the lower Changjiang river water
does not vary synchronously with the lakes” water con-
tribution, but with a time lag (Fig. 4b). A non-linear cor-
relation analysis between the §'®0 time series and daily
lake contribution indicates that a forward shift of the
880 curve by about 17 days yields the best correlation
(R*=0.69) between these two curves (Fig. 4c). This find-
ing suggests that the seasonal variations of river water
880 in Nantong are closely related to the water mixing
from the Changjiang upstream and the lakes (Dongting
and Poyang Lakes). In addition, the 17-day time lag
between river water isotopic signals and lake water con-
tribution indicates that it takes about 2 weeks for the
river water to travel from the middle reaches to the river
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mouth. Consequently, the §'80 signal in Nantong was
2 weeks lagged after the river water mixing in the middle
reaches. It is notable that the actual water traveling time
in Changjiang River may vary in different seasons and
the 17-day water traveling time is only an average river
water traveling time from the middle reaches to the river
mouth.

In conclusion, the time-series investigation of river
water isotopic signatures and water discharges at the
four key hydrometric stations in the Changjiang River
demonstrates that the river water §'®0 variation in Nan-
tong is in general defined by local precipitation, but more
directly related to the river water mixing in middle-lower
reaches. The water contributions from the upstream and
tributary lakes thus determine the daily §'0 variation in
the Changjiang river downstream.

Damming impacts on the water cycle and river water
isotopes in the lower Changjiang mainstream

Nowadays, the water discharge in the Changjiang main-
stream at Yichang station is controlled mainly by the
anthropogenic regulation (impounding/releasing) of the
Three Gorges Reservoir (TGR) since its first impound-
ment in 2003. The impact of TGR on the Changjiang
water discharge is not confined to only annual scale [16,
52, 53], but also seasonal scale [21, 54]. The regulation
of TGR impoundment determines the water discharge
downstream in Yichang and consequently controlled
the water mixing between the Changjiang mainstream
and the lakes [26]. From August to December 2013, the
TGR was impounded (indicated by the high water level in
TGR) to lower the flood risk to the downstream region,
which subsequently resulted in a higher contribution
of the lake water to the lower mainstream. On the con-
trary, the TGR released the water from December 2013
to May 2014 for shipping and irrigation, which resulted
in a higher upstream contribution relative to the lake
contribution.

To better expose the damming effect on the water mix-
ing and stable isotopes in the lower Changjiang river
water, we examined the relationship between the water
samples §'®0 and the frequency (%) of its occurrence in
the mid-lower Changjiang (Fig. 6). The data indicate that
880 variability (§'%0 range in X-axis) in the upper main-
stream (Chonggqing) above the TGR is more substantial
than that in the mid-lower Changjiang mainstream (Nan-
tong and Datong) and Poyang Lake. The Nantong and
Datong sites are located downstream of TGR. The river
water sourced from the upper Changjiang basin retained
in the vast reservoir is well-mixed during the TGR
impoundment may result in a homogenized isotopic sig-
nal. Furthermore, there are two prominent §'®0 peaks
observed in the river water in Nantong and Chongqing
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in Fig. 6 that correspond to the two notable §'*0 values
measured during the summer and winter (Fig. 4a). How-
ever, these temporal features are less pronounced in the
water samples from Datong and Poyang Lake; values
generated were probably insignificant statistically due to
fewer water samples available.

It is noteworthy that apart from the damming effect,
other environmental factors such as evapotranspira-
tion and the mixing of groundwater can also impact the
880 in river water [47, 48]. These influences are, how-
ever, hard to be quantified thus clarified in this paper
due to limited stable H and O isotopic data retrieved
from the soil, vegetation, and underground water in the
catchment. Further modeling work may help in making a
quantitative assessment of the evapotranspiration contri-
bution to the river water 8'80 possible in the future.

Conclusions

In this contribution, we report a 2-year time series of
8'%0 in the Changjiang river water and discuss the nat-
ural and anthropogenic forcing on the 8'80 variation.
The sub-basin-weighed §'®0 in precipitation over the
Changjiang catchment is calculated by the long-term
meteorological observation data and multi-year 80
record from GNIP. The monsoon-induced precipitation
in overall determines the temporal variations of 8'%0 in
the lower Changjiang mainstream in Nantong, but more
straightforwardly related to the mixing of different waters
from the upper Changjiang mainstream above Yichang
and the tributary lakes in the middle reach. A compari-
son of river water §'%0 with discharge contribution from
the lakes suggests that it takes about 2 weeks (~ 17 days)
for the Changjiang river water to travel through the mid-
lower reaches to the sea. The TGR has changed the tem-
poral variability of river §'%0, through regulating the
water releasing in the mid-lower reaches.

This research suggests that the temporal variations
of water stable isotopes in larger rivers are driven by
composite factors. Apart from the natural climatic con-
straints, the local hydrological conditions must be taken
into account in such a study. Besides, the estimation of
basin-scale §'®0 in precipitation may be an essential
complement for water cycle modeling in the Changji-
ang catchment, and also provides baseline data for other
hydrological isotope studies.
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