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Abstract

We test the applicability of bivalve shell oxygen isotope composition to reconstruct hydrological dynamics in four riverine
sites in the Congo River basin. Twenty-three specimens from the Unionoida order were collected from locations where long-
term discharge data are available, and in situ measurements and water samples were collected over several years. Due to the
highly variable (species-specific) shell morphology, various sampling techniques were used to analyze the shell sections; how-
ever, every specimen recorded the seasonality of the host water oxygen stable isotope composition (d18Ow) in its d18Oshell

record. Discharge data showed an inverse relationship with d18Ow values, which was well described with a logarithmic fit.
An exception was the Kasai River, where the d18Ow record shows an additional peak occurring during the high discharge
period, which renders the discharge-d18Ow relationship more complex than in the other systems investigated. Low ratios of
maximum to minimum discharge (Qmax/Qmin) were found to result in a low d18Ow amplitude, which was reflected as low
d18Oshell variability. The Congo and Kasai rivers had Qmax/Qmin ratios ~2 to 2.5, while the Oubangui showed a much higher
Qmax/Qmin (~19). Shells correspondingly showed a large d18Oshell range (amplitude between 2.4 and 5.0‰) for individual
Oubangui shells, and lower amplitude for other sites (1.0 to 2.2‰). Thus, shells have a high resolving power to be used to
record hydrological variability, since long-term changes in precipitation pattern, discharge, land-use change, or other hydro-
logical changes have an influence on d18Ow values. Shells with wide range of d18O values reflect high seasonal variability in
rivers, while shells with lower d18O amplitude correspond to sites with more steady river conditions over the year. Our study
illustrates that fossil shell d18O values could indicate Qmax/Qmin values in ancient African river systems.
� 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Hydrological processes vary spatially and temporally
and are particularly affected by the changing climate. The
importance of the water cycle is evident in its interaction
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with biogeochemical cycles in various hydrological pro-
cesses (Brunner et al., 2017), whereby the distribution of
stable oxygen isotopes (d18O) has been shown to be an
important proxy. Changes influencing precipitation have a
cascading effect on biogeochemical cycles, affecting river
recharge. To trace such changes, oxygen and hydrogen
stable isotope measurements in river water are commonly
employed, which can be further linked to catchment water
balance and river recharge sources on regional- and larger -
scales (Gat, 1996). Climatic and geographical factors are
mainly responsible for variations in the water cycle, how-
ever, anthropogenic influences are increasing in importance
(Gorski et al., 2015; Jameel et al., 2016). Precipitation sea-
sonality and high frequency variability are important
aspects of the water cycle, however many terrestrial proxies
of precipitation cannot be easily resolved seasonally (such
as lake cores or speleothems). Freshwater bivalves on the
other hand have been shown to be promising high-
resolution hydrologic proxies (e.g., Dettman et al., 2001;
Dettman and Lohmann, 2000), but have not been routinely
utilized in regions with sparse hydrological monitoring such
as tropical Africa.

With a low degree of human influence (~19 inhabitants/
km2), the Congo Basin is an ideal region where the impact
of climate change can be distinguished from land use
changes or natural variations. The hydrological and meteo-
rological data collection network in the Congo Basin is
sparse and very few hydrological stations are still opera-
tional, with only a handful of sites for which long-term data
(i.e. spanning the past century) are available (Laraque et al.,
2001; Alsdorf et al., 2016). Given the basin’s large area
(3.7 � 106 km2 at Kinshasa) it has a very complex climate
gradient and plays an important role in the regional and
even global climate. Hosting the largest tropical forest on
the continent, the Congo Basin has a strong impact on tem-
perature and rainfall (Lawrence and Vandecar, 2015), and
as the second largest river basin globally in terms of catch-
ment size and discharge, its freshwater and nutrient delivery
to the Atlantic Ocean is significant (Mariotti et al., 1991;
Laraque et al., 2009). However, in the absence of long-
term hydrological records, the temporal evolution of the
basin remains difficult to constrain. Thus, proxies are
needed to replace these missing hydrological data.

Numerous studies have shown the potential of freshwa-
ter bivalve shells as archives for precipitation patterns, cli-
matic conditions or discharge (Abell et al., 1996; Dettman
et al., 1999; 2001; 2004; Kaandorp et al., 2005; Versteegh
et al., 2011; Kelemen et al., 2017). The sequentially precip-
itated shell carbonate in bivalves stores information about
geochemical and environmental conditions of the water
where the specimen lives, and this information can be
restored on a time axis if the moment of death is known.
It has been previously established that the majority of fresh-
water bivalves precipitate their shell in oxygen isotope equi-
librium with the ambient water (Dettman et al., 1999;
Goewert et al., 2007; Kelemen et al., 2017; Goodwin
et al., 2019). Moreover, oxygen stable isotope ratios in
the river water are directly related to evaporation, precipi-
tation, the amount of precipitation, or a change in vapor
source (Dansgaard, 1964; Mook and Rozanski, 2000),
and d18Ow can often be related to river discharge
(Versteegh et al., 2011; Kelemen et al., 2017). A recent glo-
bal synthesis by Pfister et al. (2019) expanded on the work
of Kohn and Dettman (2007) and confirmed that average
freshwater bivalve shell d18O values can explain 95% of
the variation observed in average river d18Ow values, pro-
viding a broad-scale assessment of the applicability of this
proxy across contrasting freshwater systems. However, by
focusing on average d18O values, the information held in
the high-resolution measurements of d18O values across
the shell growth axis is not fully exploited. Here, we move
the focus to the seasonal variability of d18Ow values and
how that is reflected in shell d18O records at various loca-
tions within the Congo Basin.

Freshwater bivalves from two tropical rivers (Niger and
Oubangui River) have shown potential in accurately
recording water stable oxygen isotope values (d18Ow) and
in reconstructing (low) discharge values (Kelemen et al.,
2017). However, these two rivers characteristically have (i)
a high ratio between high and low discharge (Qmax/Qmin

is over 10 for the Oubangui River and over 17 for the Niger
River), and (ii) a clear (logarithmic) correlation between Q
and d18Ow. The question is then how widely applicable this
approach is in the Congo Basin, considering that the hydro-
logical regimes differ strongly across the basin, culminating
in a very low Qmax/Qmin for the lower Congo River, because
contributions from northern and southern tributaries can-
cel each other out (Runge, 2007).

The major objectives of this study were (i) to examine
shell d18O records in different catchment areas, (ii) to com-
pare measured shell d18O records with available water dis-
charge and d18Ow records, and (iii) to test to which extent
bivalves can be used to reconstruct river water d18O season-
ality across a diverse river system such as the Congo Basin.

2. MATERIALS AND METHODS

2.1. Study sites

The Congo Basin is located in central Africa, and the
catchment area is almost equally distributed across the
northern and southern hemisphere (Fig. 1). The annual
rainfall ranges between 700 and 2400 mm, increasing from
the northern and southern borders towards the central
equatorial part of the basin, with highest rainfall during
November and December (Nicholson, 2000). In general,
the Congo Basin has two wet and two dry seasons,
although the north equatorial part has no dry season at
all. Its distribution across both hemispheres results in a rel-
atively constant river flow during the year in the lower
Congo River at Kinshasa, since at any given period certain
regions within the basin experience abundant rainfall
(Fig. 2). The nearly 4700 km long Congo River can be
divided into three sections: upper, middle and lower Congo.
The Upper Congo River stretches from the source in the
southeastern part of the Democratic Republic of Congo
(DRC), where the complex set of headwaters flow through
numerous rapids and falls into the Lualaba River, until the
Wagenia Falls near Kisangani, where the river becomes
formally known as the Congo River (Runge, 2007).



Fig. 1. Map of the Congo Basin with a general overview of the hydrological network. Sampling sites discussed in this chapter are indicated in
white boxes.
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The middle section is characterized by generally lower
water velocities due to the widening of the river channel
and traverses the rainforests in the central depression in
the Congo Basin, known as the ‘‘Cuvette Centrale Congo-
laise”. The major tributaries (Oubangui, Ruki, Sangha,
Kasai) join at this part of the Congo River upstream of
the Malebo Pool, the lake-like widening in the Congo River
above Kinshasa/Brazzaville. The Cuvette Centrale is a flat
area, home to the World’s largest swamp forest; within
the basin the tributaries drain different physiographic units
including the Asande Rise in the north, the Tékés plateau in
the west and the Kasai shield in the south (Laraque et al.,
2009; Runge, 2007). The lower Congo starts after the Mal-
ebo Pool and reaches the Atlantic Ocean through a set of
rapids which results in the largest falls by flow rate (Inga
Falls) on the continent.

Water and shell samples were collected at four locations
within the Congo Basin (Fig. 1), each with long–term dis-
charge records. Two locations were on the main stem of
the Congo River (Kisangani and Kinshasa); one site was
on the Oubangui River (at Bangui, Central African Repub-
lic) and one on the Kasai River (at Dima).

Upper Congo River (Kisangani). Kisangani is located in
the central part of the DRC, at the point where the Lualaba
River turns west. Below the Wagenia Falls, the Lualaba
becomes the Congo River. Upstream of Kisangani the
Upper Congo rapids form the boundary between the upper
and middle section of the Congo River. The central basin is
covered with rainforest, there is almost no dry season and
the annual rainfall can reach 2400 mm (Bultot, 1971). This
region is characterized by a bimodal discharge regime
(Fig. 2).

Oubangui (Bangui). The Oubangui is the largest right
bank tributary of the Congo River. The vegetation cover
in the south catchment of the Oubangui is dominated
by tropical rainforests with yearly precipitation of



Fig. 2. Daily discharge values at the four monitoring stations (see text for data sources).
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1600–1800 mm; towards the north, the vegetation gradually
changes into wooded savannah and more open savannah,
with decreasing yearly precipitation (down to
700 mm year�1) (Calléde et al., 2010). The alternating wet
and dry seasons result in a unimodal discharge regime at
Bangui (Fig. 2), with high flow between September and
December, and low flow after the dry season, during March
and April (Bouillon et al., 2012; Kelemen et al., 2017).

Kasai (Dima). The Kasai River is the main left bank
tributary of the Congo River and drains nearly one third
of the Congo Basin in the southern hemisphere. The north-
ern edge of the Kasai Basin is near the equator, with abun-
dant rainfall which gradually decreases to the south. The
alternating dry and wet season results in 1200–1750 mm
precipitation annually, with a mainly bimodal partition.
The Kasai catchment is characterized by open savannah
woodland.

Lower Congo River (Kinshasa). Kinshasa is located on
the left bank of the lower Congo (DRC), close to the out-
flow of the Malebo pool, the major widening on the Congo
River. The Malebo pool is around 28 km wide, with many
sand islands, and likely is the remnant of a lake in the west-
ern Congo Basin, which most is thought to have been
formed when the Atlantic Rise dammed the course of the
river, creating a large lake (Runge, 2007). The bimodal dis-
charge regime at Kinshasa is represented by a larger peak
during November to January, when the wet season flow
from the north arrives, and a smaller peak around May
(Fig. 2), when the discharge from southern tributaries
increase the main stem flow (Coynel et al., 2005). There
is a low discharge period during July and August, but the
regular high rainfall in the Central Congo region lead to
a low variation in flow throughout the year. The intra-
annual regime has been very stable for the last couple of
decades: Qmax/Qmin ~ 2.

2.2. Water sampling

The four areas in the Congo Basin were monitored over
different time periods and at different temporal resolution.
Oubangui River water samples were taken fortnightly
between March 2010 and November 2012 in Bangui (Cen-
tral African Republic). Additional d18Ow and hydrogen iso-
tope (d2Hw) data for the period between September 2009
and December 2018 were available from the IAEA (Global
Network of Isotopes in Rivers (GNIR) database). Dis-
charge was recorded since 1911 in Bangui, daily measure-
ment data were provided by the Direction de la
Métérologie Nationale. Congo River samples at Kisangani
were collected biweekly since December 2012 (ongoing).
Discharge was monitored since 1912. At Kinshasa,
16 months of monitoring data were collected between July
2011 and December 2012. Kinshasa has the longest existing
hydrological time series on the Congo: daily discharge has
been measured since 1903. From Kasai River monthly sam-
ples were collected for two years, between April 2015 and
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May 2017 at Dima (DRC). At Dima daily discharge mea-
surements are available since 1909.

Water samples for stable isotope measurements were
collected by a Niskin bottle or a custom � made
flow � through sampling bottle submerged 0.5 m below
the water surface from which 12 ml Labco Exetainers or
8 ml plastic vials were filled and shipped to KU Leuven
for analysis. d18Ow was measured by equilibration with
CO2 using an Elemental Analyzer Flash HT/EA coupled
to a Thermo Delta V Advantage isotope ratio mass spec-
trometer (EA – IRMS) (described in Gillikin and
Bouillon, 2007) or a Thermo GasBench coupled with
Thermo Delta V Advantage IRMS (GB – IRMS). Water
samples (0.5 ml) were transferred into a 12 ml Labco Exe-
tainer, flushed with helium, and depending on the technique
used, 200 lL (for EA – IRMS) or 35 lL (for GB – IRMS)
of pure CO2 was added manually. Samples were equili-
brated at ambient laboratory temperature (EA – IRMS)
or at 25⁰C in the thermostated tray (GB – IRMS) for over
24 h. Three in-house water standards were used to correct
d18O values. The long � term uncertainty for standard
d18O values was ± 0.1‰. Water samples collected from
Oubangui River were analyzed or reanalyzed (samples col-
lected between March 2010 and November 2012) by the
IAEA (International Atomic Energy Agency, Vienna),
where water samples were pipetted into 2 mL vials, and
d18O and d2H values measured twice on different laser water
isotope analyzers (Los Gatos Research or Picarro). Isotopic
values were determined by averaging isotopic values from
the last four out of nine injections, along with memory
and drift corrections, with final normalization to the
VSMOW/SLAP scales by using 2 � point lab standard cal-
ibrations, as fully described in Wassenaar et al. (2014) and
Coplen and Wassenaar (2015). The long � term uncertainty
for standard d18Ow values was ± 0.1‰ and 1.0‰ for d2Hw

values. Water temperature in the monitored rivers was
recorded when water samples were collected using YSI Pro-
Plus probes.

2.3. Shell collection and analyses

Freshwater bivalves were collected at the four locations
at various times. Shells were collected during the monitor-
ing period at three locations, and after the monitoring per-
iod at one site (Kinshasa, in July 2015). Eleven shells from
the Oubangui River were collected during four occasions:
March 2011, February and November 2012, and March
2013 (Kelemen et al., 2017). Two shells from the Kasai
River were collected in July 2015, shortly after the start
of the monitoring period, and the six Kisangani shells are
from February 2014 and January 2015. Bivalves were col-
lected at various locations and times either through collab-
orators responsible for the water monitoring or through
help from local fishermen. Our 23 freshwater bivalve spec-
imens all belong to the Unionoida order, distributed
between two superfamilies’: the Unionoidea and Etheri-
oidea (Yonge, 1962; Graf and Cummings, 2006). The
Unionoidea superfamily is represented by four Coelatura

specimens from the Unionidae family (Coelatura disci-

formis, Coelatura gabonensis, Coelatura leopoldvillensis),
the other 19 specimens belong to the Etherioidea superfam-
ily, with 15 specimens from the endemic Iridinidae family
(Chambardia wissmanni, Aspatharia pfeifferiana, Mutela

sp), while the five Etheria elliptica (the (African) freshwater
oysters) belong to the Etheriidae family (Fig. 3, Table 1).
All specimens discussed in this study were collected alive,
which enabled data from the last period of growth (i.e.,
the collection date) to be aligned with the available water
data. After sectioning one valve of each shell along the
maximal growth axis, shell sections of a few mm thickness
were mounted on glass slides, and serially sampled using a
New Wave Micromill. Shells whose prismatic layer was
thick enough (such as C. wissmanni shells from the Ouban-
gui River) were serially sampled from the commissure to the
umbo, with a 300 lm diameter drill bit, achieving a sample
resolution of 350 to 1000 lm. Depending on the size of the
bivalve, this resulted in 30–260 samples per shell section
and up to 80 lg sample powder. In shells for which the pris-
matic layer thickness was not sufficient to drill holes, 400 to
800 lm long lines were drilled with a 100 lm drill bit. In
E. elliptica specimens, subsequent parallel lines were milled
across the entire thickness of the shells in cross section as
the prismatic layer is not easily distinguishable from the
other layers. With a 100 lm drill bit lines of 2000 to
5000 lm length and 80–150 lm depth were milled, using
the Micromill software to interpolate between the subse-
quent lines, to maintain 30 to 100 lm thickness of the
milled lines. Each powder microsample was collected sepa-
rately in a 12 ml Labco Exetainer, flushed with helium and
reacted with > 100% phosphoric acid to produce carbon-
dioxide gas. Samples were analyzed either at Union College
or KU Leuven on a Thermo Delta V Advantage isotope
ratio mass spectrometer coupled to a GasBench II. To
reach isotope equilibrium, reaction was allowed for at least
3 hours at 50 �C or > 24 hours at 25 �C. Data from each run
were corrected using the regression method with LSVEC
(d18O = �26.7‰, d13C = �46.6‰), NBS � 18 (d18O = �
5.01‰, d13C = �23.2‰), and NBS � 19 (d18O = �2.2‰,
d13C = +1.95‰) as standards, or using two in � house
CaCO3 standards which were regularly calibrated against
NBS � 19 and LSVEC and whose long � term standard
deviations were better than 0.1‰. Both d18O and d13C val-
ues of shell aragonite are expressed relative to VPDB
(Vienna Pee Dee Belemnite) scale, and have precisions
of < 0.1‰ and are not corrected for the aragonite acid
fractionation.

3. RESULTS

3.1. River discharge, d18Ow and temperature

Upper Congo River – The discharge (Q) regime at Kisan-
gani shows regular double peak cycles, with the highest
water levels in November-December and April-May
(Fig. 2), which coincides with the movement of the tropical
rain belt over the Congo Basin. During the monitoring per-
iod the highest discharge measured was 15,462 m3s�1 in
December 2015, while the lowest was ~ 4000 m3s�1 during
August 2015. Water d18O records showed a pronounced
seasonality and accurately mirrored the discharge cycle:



Fig. 3. Stereo-microscope images of four analyzed species. Upper photo set: collated images of thick sections of A. pfeifferiana, C. gabonensis,
C. wissmanni (with drilled (300 lm) holes), and Etheria elliptica shells (left column), with corresponding high resolution photos of a fragment
of each shell (right column). Dark grey material is the epoxy the shells were embedded in. Bottom photo: an example of an E. elliptica shell.
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Table 1
d18Oshell data (in permil) from all analyzed bivalves, including sample code with collection year, location and species.

Location Code Species Min Max Average Range

Kinshasa BV242(2015) Coelatura disciformis �4.7 �3.2 �3.8 1.5
BV501(2015) Coelatura gabonensis �4.7 �3.2 �3.8 1.6
BV203(2015) Aspatharia pfeifferiana �4.5 �2.7 �3.6 1.9
BV503(2015) Mutela sp. �4.2 �2.4 �3.3 1.8

Kisangani BV324(2015) Coelatura leopoldvillensis �3.8 �2.6 �3.0 1.2
BV338(2015) Coelatura leopoldvillensis �4.0 �2.8 �3.3 1.2
BV330(2015) Aspatharia pfeifferiana �3.3 �1.9 �2.7 1.4
BV329(2015) Aspatharia pfeifferiana �3.9 �2.5 �3.1 1.4
BV382_6(2014) Etheria elliptica �3.7 �1.8 �2.6 1.9
BV382_4(2014) Etheria elliptica �3.8 �2.0 �2.7 1.8

Kasai (Dima) 14B(2015)
17B(2015)

Etheria elliptica

Etheria elliptica

�4.9
�5.7

�3.9
�3.5

�4.3
�4.3

1.0
2.2

Oubangui (Bangui) 1A(2013) Chambardia wissmanni �5.1 �0.1 �2.5 5.0
4A(2013) Chambardia wissmanni �4.5 �0.7 �2.2 3.7
2B(2013) Chambardia wissmanni �3.9 0.2 �2.1 4.1
BB6(2012) Chambardia wissmanni �4.7 0.2 �1.6 4.9
3B(2012) Chambardia wissmanni �3.5 �0.5 �2.2 3.0
B23(2011) Chambardia wissmanni �3.3 �0.9 �2.0 2.4
B11(2011) Chambardia wissmanni �3.4 �0.8 �2.1 2.6
B17(2011) Chambardia wissmanni �3.2 �0.4 �1.9 2.8
B16(2011) Chambardia wissmanni �3.7 �0.8 �2.3 3.0
DPG92(2011) Etheria elliptica �4.9 �1.1 �2.9 3.8
DPG91(2011) Etheria elliptica �3.1 �0.6 �2.0 2.5
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during high discharge, d18Ow values are low, and at the time
of low(er) water levels, the d18Ow record moves towards
higher values. The seven year long record shows an average
d18Ow value of �1.5 ± 0.6‰ (n = 161) and a range between
�3.3‰ and 0.0‰. Water temperatures varied between
23.3 �C and 30.3 �C (average 27.0 ± 1.0 �C; n = 139;
Fig. 4).

Oubangui – d18Ow values, water temperature and dis-
charge for the Oubangui River were presented in
Kelemen et al. (2017). At Bangui, a single peak discharge
can be observed, typical for a transitional tropical regime.
During the monitoring period the discharge varied between
265 m3s�1 and 8868 m3s�1. Water temperature showed a
low variability, and ranged between 25.1 and 31.5 �C
(average 28.6 ± 1.2 �C), however the lowest values were
only very short term excursions (lasted less than a month).
Without these exceptions, the temperature remained above
27 �C. d18Ow values from the Oubangui River showed the
highest range among the studied rivers (6.3‰), with values
between �3.7‰ and + 2.6‰ with an average of �0.7‰
(n = 163; Fig. 4).

Kasai –The river at Dima exhibits a unimodal discharge
regime with highest water levels during April-May. A mod-
erate increase in discharge during December-January pre-
cedes the peak values, and in some years it appears more
like a twin-peak hydrograph (Fig. 2). The discharge during
the monitoring period varied between 2764 and 7452 m3s�1.
Variations in d18Ow values were low, less than 2‰, between
2015 and 2017. The lowest d18Ow value measured was
�4.1‰, while the highest was �2.5‰ (average �3.3 ± 0.4
‰; n = 26). The seasonality of the d18Ow record is pro-
nounced, however the inverse relationship between d18Ow
and Q is interlaced with an additional increase of d18Ow val-
ues during high discharge periods. Water temperature vari-
ations are low as well, ranging between 26 �C and 29.3 �C,
on average 28.1 ± 0.9 �C (n = 26; Fig. 4).

Lower Congo River – The Congo River at Kinshasa
shows a bimodal hydrograph, with a large peak during
December and a smaller peak in May (Fig. 2). The maxi-
mum value during the monitoring period was measured in
December 2011 (57569 m3s�1) and the lowest discharge
value in August 2011 (22864 m3s�1). The relatively short
term oxygen isotope record at Kinshasa shows an inverse
relationship with discharge, with lowest values during high
water level. The d18Ow values range between �3.1‰ and
�1.3‰ with an average of �2.3 ± 0.5‰ (n = 29). Water
temperature varied between 26.0 �C and 29.0 �C, with an
average of 27.6 ± 1.0 �C (n = 30).

The full set of river data used in this study is available as
an electronic supplement.

3.2. Predicted d18O profiles (model shells)

A ‘‘model shell” d18O profile (Kelemen et al., 2017) was
calculated based on measured d18Ow values and water tem-
perature for each site using an equation for biogenic arag-
onite oxygen isotope fractionation, modified by Dettman
et al. (1999) from the equation developed by Grossman
and Ku (1986).

1000ln að Þ ¼ 2:559 106T�2
� �þ 0:715 ð1Þ

where T is the water temperature in Kelvin and a is the
fractionation between water and aragonite described by
the following equation:
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a aragonite�waterð Þ ¼ 1000þ d 18Oshell VSMOWð Þ�
=

1000þ d 18Ow VSMOWð Þ� �� ð2Þ
The shell d18O (d18Oshell) values (expressed relative to the

VPDB scale) are converted to the VSMOW scale using the
conversion factor 1.03091, determined by Coplen (1988).
Ranges for the calculated model shells are listed in Table 2.

3.3. Oxygen isotope profiles of shells

General information about the analyzed specimens
together with the d18O data are summarized in Table 1.
Shells from all locations exhibited cyclicity in their d18O
profiles, showing that bivalves record seasonality of the
host water, however differences were observed in the range
of recorded d18O data (Figs. S1, S2 and S3). The two shells
from the Kasai River showed divergent d18Oshell values, one
of the Etheria specimens had the smallest range (~1.0‰) of
all the analyzed shells, while the other specimen with a
range of 2.2‰ (values between �5.7‰ and �3.5‰)
exceeded the range of the calculated model shell for the
Kasai River. d18Oshell values from Kinshasa varied between
�4.7‰ and �2.4‰ and shells from Kisangani ranged
between �4.0‰ and �1.8‰, however the intra shell ranges
at both sites were relatively low (see Table 1). The highest
range in measured values, as well as the largest intra shell
range was measured in the specimens from the Oubangui:
5.3‰ (from �5.1 to 0.2‰) and 5.0‰ (from �5.1 to
�0.1‰), respectively. The full dataset of d13C and d18O
data on the shell material presented in this study is available
as an electronic supplement.
Fig. 4. Daily discharge data (grey area) plotted along with measured d18

time axis for the monitored locations.
4. DISCUSSION

4.1. Discharge and water isotope variations

The hydrology of different subcatchments in the Congo
Basin is strongly related to the movement of the tropical
rain belt. Given the large size of the Congo Basin, the four
sites discussed in this study have contrasting discharge
regimes, showing strong contrasts in the timing or size of
the high discharge pulses, however they are usually catego-
rized as uni- or bimodal. For example, discharge exhibited a
clear bimodal regime on the Congo River main stem at
Kisangani and at Kinshasa (Fig. 2). Because of the bimodal
seasonal partitioning of the rainfall, rivers around the equa-
tor typically exhibit a two-peak hydrograph. At Kisangani,
the two passages of the rain belt over the equator are
equally reflected in the discharge. However, at Kinshasa,
the two peaks (one large in December and one smaller
around May) reflect the contrasting amount of water com-
ing from the tributaries that originate either in the northern
or southern hemisphere. The other gauging stations
recorded unimodal discharge regimes, with a uniform
single-peak hydrograph in the Oubangui River (Fig. 2),
and a slightly more complex twin peak for the Kasai River
(Fig. 2), reflecting the northern or southern position of the
rain belt.

Coinciding with the seasonal variations and inter-site
variability in discharge regimes, the biogeochemical charac-
teristics of the river water is expected to vary as well, as
indicated in previous studies in the Congo Basin
(Bouillon et al., 2012; 2014; Laraque et al., 2009; Spencer
Ow values (black circles) and water temperature (dashed line) on a
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et al., 2013; Wang et al., 2013; Henchiri et al., 2016;
Lambert et al., 2016; Borges et al., 2015; 2019). In this
study, we focus on riverine d18Ow values, from which
important information about the source of the local water
(precipitation and groundwater) can be derived, and which
is also suitable to study changes over time (e.g.,Dettman
and Lohmann, 2000; Fan and Dettman, 2009). At each of
our study sites, the seasonality in discharge was mirrored
by d18Ow variations. Measured d18Ow and Q values showed
a clear inverse relationships in most rivers: during periods
of high discharge, d18Ow values were low (representing the
prevalence of 18O-depleted rainfall), while during low water
conditions the d18Ow values become increasingly higher,
likely reflecting more evaporative conditions and/or 18O-
enriched precipitation (Figs. 4, S6 and S7) (c.f. Gremillion
and Wanielista 2000; Kumar et al., 2019). The d18Ow - dis-
charge relationship was well described by a logarithmic fit,
with the exception of the Kasai River (Fig. 5) illustrating
that this inverse relation is not always straightforward. Sea-
sonal variations show that 18O-enrichment occurs systemat-
ically during both low-flow conditions (September-
October) and high-flow conditions (March) in the Kasai
River (Fig. 4). This suggests that tributaries with high
d18Ow values add significant volume to the Kasai River dur-
ing the high discharge period in March. Indeed, several
point measurements in the dense web of small tributaries
along the Kasai River revealed that d18Ow values are up
to 1‰ higher than in the main stem (Borges et al., 2019).
The initial decrease in d18Ow during the rising stage coin-
cided with high suspended matter loads, which points
towards a high relative contribution of the Loange tribu-
tary during this period, since this left-bank tributary was
found to show particularly high suspended matter concen-
trations during a basin-wide survey (Fig. S5, sampling cam-
paign described in Borges et al., 2019). In the lower Congo
River at Kinshasa, the bimodal discharge regime was
clearly reflected in the d18Ow record (Fig. 4), with lower
d18Ow values at the time when the increased flow arrives
from the north (December flood). The more variable Q
record at Kisangani resulted in more scattered d18Ow data,
nonetheless, the two variables are clearly linked (Figs. 4, 5).
Daily variations in daily discharge at Kisangani were higher
in comparison with the other locations, where the ascending
and descending limbs of the daily discharge records are
smoother. The dense network of small rivers, with numer-
ous large tributaries joining the Congo-Lualaba river sys-
tem within a forested area all contribute to the d18Ow

values, where there are clear short-term variations in Q
and d18Ow. The Lualaba river in the south traverses large
Table 2
Calculated model shell d18O data (in ‰) for the four locations,
based on measured temperature data and water d18O data.

Location Min Max Average Range

Kinshasa (Congo R.) �4.6 �2.6 �3.7 2.1
Kisangani (Congo R.) �4.1 �1.9 �2.9 2.2
Dima (Kasai R.) �5.7 �4.1 �4.8 1.6
Bangui (Oubangui R.) �5.2 0.7 �2.2 5.9
wetland systems, such as the Upemba System and the
Luama Swamps, where the first comprises about 50 shallow
lakes (depth ~ 3 m) over 225 km, and the latter cover
6,000 km2 of inundated area and spans over 130 km
(Hughes and Hughes, 1992). These systems might have
variable d18Ow values, that contribute to variability of the
d18Ow record at Kisangani. In contrast, in the Oubangui
more smooth trends were observed, however, despite the
strong Q - d18Ow relationship (Fig. 5), there is approxi-
mately a 30 day time shift between the d18Ow values and
peak discharge (Fig. 4), which according to Kelemen
et al. (2017) is most likely related to local rainfall entering
the river and causing a slightly earlier decrease in d18Ow

values.
The most likely explanation for the consistently

observed correlation between Q and d18Ow is that both
parameters respond primarily to rainfall. As first described
by Dansgaard (1964), abundant rain (i.e. a more complete
rainout of water vapour) typically results in more
18O-depleted precipitation (referred to as the ‘‘amount
effect”), while during the dry season precipitation tend to
be more 18O-enriched (Gonfiantini et al., 2001). This effect
is indeed visible in the available d18O data for precipitation
from Bangui and to a lesser extent, Kisangani (Fig. S6).
During the wet season, increased rainfall causes an increase
in river discharge and contributes 18O-depleted water.
When river water levels decrease during the dry season,
the residence time increases thereby enhancing evaporation
(Fig. S7) and exchange with atmospheric water vapor, cou-
pled with higher d18O precipitation from the amount effect
(Fig. S6) leading to a gradual enrichment in 18O of the river
water. However, this relationship may not be as pro-
nounced in rivers draining dense rainforest. During low
water conditions the vegetation cover determines the level
of evaporation. In dense rainforest transpiration domi-
nates, which is a non-fractionating process (White et al.,
1985; Gat, 1996), thus only a mild 18O-enrichment is
expected. In contrast, rivers passing savannahs (such as
the Oubangui) without a protective forest cover and due
to lower humidity are more prone to evaporation and carry
more 18O-enriched water (Fig. S7). Other studies have also
reported river channel evaporative 18O enrichment, such as
Gremillion and Wanielista (2000) who studied a subtropical
watershed in central Florida, USA.

As can be seen in Fig. 4, there is no systematic relation-
ship between water temperature and d18Ow or between
water temperature and Q at any location, except the
Oubangui River. In the latter system, temperature co-
varies with d18Ow. During periods of low discharge, both
temperature and d18Ow are at their maximum due to a com-
bination of the amount effect and evaporation (Figs. S6 and
S7), which is expected to be significant in this more arid
watershed. Conversely, during high Q, d18Ow values gradu-
ally decrease, representing greater runoff of d18O-depleted
precipitation and less evaporative conditions. At the other
three locations, the temperature range is greater than at
Bangui, while the d18Ow ranges are lower, but due to large
influence of the constant water input from small tributaries
and rainfall, the data are more scattered without a consis-
tent relationship between both parameters.



Fig. 5. Correlation between discharge and d18Ow values for the four monitoring location. In the graph discharge for Kinshasa is on the top
axis. Regression relationships are: d18Ow = �1.749ln(Q) + 13.986 (R2 = 0.59) for the Congo River at Kisangani, d18Ow = �1.122ln
(Q) + 7.927 (R2 = 0.71) for the Oubangui, d18Ow = �1.82ln(Q) + 16.787 (R2 = 0.81) for the Congo River at Kinshasa, and d18Ow = �0.741ln
(Q) + 2.8973 (R2 = 0.26) for the Kasai.
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These four key sites in the Congo Basin all show consis-
tent seasonality in discharge, but differ strongly in the rela-
tive amplitude of discharge variations. These differences can
be compared through Qmax/Qmin ratios, which were calcu-
lated as the average ratio of the 10 consecutive highest daily
discharge values to the 10 consecutive lowest daily dis-
charge values for each calendar year during a 6-year period.
The Qmax/Qmin ratio is the lowest for the main stem Congo
River at Kinshasa (Qmax/Qmin = 2.2, for the period 2010–
2015) consistent with the Congo River being known as
one of the most regular and uniform major rivers on Earth
(Laraque et al., 2001; 2020; Coynel et al., 2005; Runge,
2007). Slightly higher discharge ratios were measured at
Kisangani (Qmax/Qmin = 2.5, between 2012–2017) and in
the Kasai River (Qmax/Qmin = 2.4; between 2012–2017).
The highest discharge ratios were measured in the Ouban-
gui River, where the multi-decadal Qmax/Qmin record were
rarely below 8 (Qmax/Qmin = 14.6, between 1911–2017
and 19.2 between 2012–2017), but were as high as 30. We
found low Qmax/Qmin ratios to correspond to low amplitude
annual d18Ow cyclicity (Fig. 6), and increasing Qmax/Qmin

ratios to be associated with higher d18O variability. Indeed,
the ranges of measured d18Ow values were very low (1.5‰,
1.8‰ and 2.6‰) for Kasai, Congo at Kinshasa and Congo
at Kisangani, respectively, in comparison with the Ouban-
gui River, where values range over 6‰ (Kelemen et al.,
2017). In Fig. 6, individual yearly Qmax/Qmin ratios were
compared with d18Ow values for the same time intervals
for the rivers in the Congo Basin and a number of addi-
tional river sites in Sub-Saharan Africa for which oxygen
isotope data and daily discharge data were available.
Although the rivers from the Congo Basin fit a linear
regression (R2 = 0.91, N = 13), individual years show some
scatter for both parameters, reflecting the year-to-year vari-
ability of different factors (e.g. rainfall, evaporation,
groundwater) contributing to river flow. While rivers
traversing dense forests (Congo at Kisangani, Congo at
Kinshasa, Kasai, Ogooué) show less variability in the rela-
tionship between Qmax/Qmin and d18Ow, rivers draining
mainly savannah at higher latitudes (Niger and Oubangui)
show larger differences between years, however they show a
strong linear relationship (R2 = 0.82, N = 18, Fig. 6). In
rivers influenced by dams (Kafue River upstream of its con-
fluence with the Zambezi River (Zambia), and the Tana
River at Garissa, Kenya) due to the shorter or longer resi-
dence time of the water, evaporation rate might differ more
than in rivers with natural flow, resulting in higher variabil-
ity of d18Ow values (Fig. 6).

4.2. Oxygen isotope variation in Congo basin bivalve shells

Freshwater bivalves are known to precipitate their cal-
cium carbonate shells in oxygen isotopic equilibrium with
the host water (Dettman et al., 1999; Goewert et al.,
2007; Kelemen et al., 2017; Goodwin et al., 2019). All sam-
pling locations exhibit relatively minor surface water tem-
perature variations (3.3–6.7 �C), thus d18Ow values are
expected to have the major control over d18Oshell record
(Kelemen et al., 2017). In order to examine if d18Oshell data
correspond to d18Ow records, d18Ow values together with
the measured temperature data were used to calculate a
model shell d18O values (Eqs. (1) and (2)), similar to the
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approach used in previous studies (Klein et al., 1996;
Kelemen et al., 2017; Goodwin et al., 2019). Ranges of
the model shells are listed in Table 2, and compared to mea-
sured values in Figs. 7-8. Considering shells record oxygen
isotope ratios in the host water, the range of d18Oshell is
expected to be similar to that of d18Ow. However, biological
factors can alter the direct reflection of the d18Ow values
recorded in the shells. Fig. 7 shows data for one example
shell from each location compared directly to that of the
model shell based on environmental data. They generally
illustrate a good match, although the measured range is
somewhat smaller than that of the d18Ow record. Two fac-
tors are most likely responsible for the lower amplitude in
d18Oshell versus d

18Ow: (i) growth rate and (ii) sampling res-
olution. Depending on the rate of shell growth, rapid
changes in the water chemistry are not always detected in
the shells, as the calcification rate can vary over time, onto-
genetically, between species, and between rivers. Bivalves
tend to reduce growth over ontogeny (Goodwin et al.,
2003). Growth cessations during unfavorable growth condi-
tions (such as high turbidity), can cause temporary growth
hiatuses (Kaandorp et al., 2003; Kelemen et al., 2017) dur-
ing which d18Ow values would not be recorded in the shell.
Sampling resolution and thus time averaging is also an
important factor which can cause the lower range of
recorded d18Oshell values (Goodwin et al., 2003).

4.3. Species-related differences in d18Oshell variations?

In order to cope with the heterogeneity and instability of
freshwater environments many species adapt their shell
shape to environmental conditions (Scholz, 2013). In the
current study, all analyzed bivalves are from the Unionoida
order. Within the Unionids, shell morphology is highly
Fig. 6. Yearly Qmax/Qmin ratios (x-axis) compared with the range of river
the relationship for one river but for different years. Years included:
Kisangani (2013–2017), Kasai (2015–2016), Niger at Niamey (2011–2012),
2013) and Tana at Garissa (Kenya) (2012–2013). Calculated linear regress
from the Niger and Oubangui are from Kelemen et al. (2017), Tana-Gari
Kafué data is from Teodoru et al. (2020).
variable, as reflected in the shell structure of our analyzed
species (Fig. 3). Unfortunately, there is no detailed informa-
tion about the process of shell building of these particular
species of Unionids and only a very limited amount of
information exist in the literature about their ecology, feed-
ing and reproductive habits,.

Differences in shell structure affects the sampling resolu-
tion, which unintentionally leads to time averaging, and
could result in lower amplitude d18Oshell profiles. In this
study, shells were sectioned and the outer prismatic layer
was sampled: however the thickness of this layer was very
variable among species. Shell thickness can be species-
specific, however, individuals from the same species develop
adaptively divergent shells to cope with the variability and
instability of freshwater ecosystems (lakes, ponds, fast or
slow flowing rivers). For example, the Aspatharia sinuata

population from the Oyun River (Nigeria) was shown to
develop much thicker and heavier shells to withstand the
harsh fluvial conditions compared to specimens inhabiting
reservoirs (Blay, 1989). Chambardia and Aspatharia species
are known for their robust shell structure, which allows a
higher level of adaptability, thus these bivalves can thrive
even in extreme conditions. According to Scholz (2013),
juvenile bivalves of Chambardia nyassaensis from Lake
Malawi live deeply buried in the sediment, while grown
individuals prefer semi-infaunal lifestyle, only partly buried.
The elongated headwater shape allows them to quickly
rebury if low water conditions occur, the tolerance to dry
conditions explains why this species is abundantly found
in both deep and shallow water (Scholz, 2013). Beadle
(1974) reported that Aspatharia species can survive up to
two years under desiccated conditions. From our analyzed
species, Chambardia and Aspatharia shells had the thickest
prismatic layers (Fig. 3), which allowed sampling these
d18Ow values (y-axis) for individual years. Various symbols illustrate
Oubangui (2010–2013), Congo – Kinshasa (2011–2012), Congo –
Ogooué at Lambaréné, Gabon (2012–2014), Kafue, Zambia (2012–
ion includes only the un-regulated rivers (R2 = 0.82, N = 18). Data
ssa is from Geeraert (2015), Ogooué from Bouillon et al. (2020) and



Fig. 7. Contrasting d18Oshell record of each location. Left column shows the d18O values of model shells (filled circles connected with dotted
lines) with measured water d18O (open circles) and temperature (dashed lines) values (used for the model shell calculation) for each location.
An additional model shell was calculated with average temperature values for each location (green solid line) Right column represents the
corresponding d18O record of one example shell for each location, with Date on the X-axis. Shell code, species name, and sampling resolution
are also listed.
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Fig. 8. A) Average d18Oshell values of each freshwater African Unionid versus d18Ow values for each river fit a linear regression curve
(R2 = 0.88, N = 23). B) Individual d18Oshell ranges grouped by locations (various symbols) and plotted with the corresponding Qmax/Qmin

ratios at each location.
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shells with the highest resolution. Indeed, these species were
shown to be very reliable proxies for d18Ow variation, as
they deposit a large amount of CaCO3, and grow up to
0.75 mm day�1 in their first years of life (Kelemen et al.,
2017). According to study of Blay and Yoloye (1987) juve-
nile individuals of A. sinuata grow rapidly during the first
two years of their life, but this declines thereafter. In our
study, these two species showed the best correlation with
the calculated model shell for each river (Fig. 7). Coelatura
shells had a slightly thinner prismatic layer (Fig. 3), which
had to be milled along lines (as opposed to drilling spots),
to collect a sufficient amount of powder for analysis, which
could also lead to differences in time averaging. Finally, the
Mutela specimen had a very thin and fragile prismatic layer,
making it difficult to sample only the prismatic layer, hence
we sampled the shell throughout the inner layer (both layers
are aragonite). The thinner shell might be the consequence
of the adaptation of the genus Mutela to a continuous
infaunal life. This species prefers deeper waters, because
the developed posterior gap allows feeding without opening
the valves, but makes this species vulnerable to desiccation
(Scholz, 2013). However, despite the difference in layers
sampled (inner nacreous vs prismatic), the Mutela shell
matched the model shell well (Fig. 7). Undoubtedly, Etheria
species precipitate the most complex shells in this study
(Fig. 3), with a very porous structure and numerous cavities
that often result in asymmetrical growth (Van Bocxlaer and
Van Damme, 2009). The youngest animals are bilaterally
symmetrical, they become asymmetrical after they cement
to a hard surface (very often to an another shell) (Yonge,
1962). To the best of our knowledge, only three studies have
measured d18O values in Etheria shells (Abell et al., 1996;
Rodrigues et al., 2000; Vonhof et al., 2013), and two studies
outlined the complexity of these shells for analysis as the
numerous voids make it difficult to sample contiguous
growth lines close to each other. E. elliptica grows in mov-
ing and often turbulent water, 2–3 m below the surface
(Yonge, 1962). Indeed, this species thrives in fast moving
water habitat; Akélé et al. (2017) reported that growth rates
of adult E. elliptica are the highest during rainy/flood per-
iod. E. elliptica is intolerant of salinity and desiccation
(Van Damme, 1984), juvenile specimens are especially sen-
sitive to siltation (Anthony, 1907) and reach sexual matu-
rity (~65 mm) in about 22 months (Akélé et al., 2017).
This species lives cemented to a hard substrate, which
makes it more sensitive to changes in the aquatic environ-
ment than other species, which are able to relocate or bury
into a soft substrate. Nevertheless, in this study the d18Oshell

record of Etheria covered the majority of the model shell
range for each location. Thus, despite the morphological
variability among the species, all analyzed shell d18O values
were synchronized with d18Ow values of the corresponding
rivers.

4.4. Effect of temperature on shell isotope values

Kelemen et al. (2017) compared the effect of temperature
on reconstructed d18Ow values from the d18Oshell record and
concluded that in these tropical regions, temperature varia-
tions play a relatively small role in d18Oshell values, for
example 1 �C difference in water temperature results
in ~ 0.19‰ change in calculated d18O values. While
in situ temperature data were available for our sites, the
question of temperature dependency of oxygen isotope
fractionation is relevant when considering the use of histor-
ical shell specimens, or shells from sites where no tempera-
ture data are available. While we have shown that the effect
of temperature is a relatively minor concern in systems such
as the Oubangui or Niger, where there is a strong seasonal
amplitude in d18Ow and little variability in water tempera-
ture (Kelemen et al., 2017), this would become more impor-
tant in sites where seasonality in discharge, and hence
d18Ow variations, are more modest. To test the potential
influence of temperature in our isotopic record, an addi-
tional ‘‘model shell” was calculated assuming average tem-
peratures for the study sites. Comparing the two model
shells (Fig. 7), only a negligible variation could be observed
at all sites, confirming the small influence of temperature on
d18Oshell record in these tropical conditions.

4.5. d18Oshell values as a hydrologic proxy

While some measured individual d18Oshell records do not
fully match the ranges of predicted d18Oshell values, the
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average measured d18Oshell values correspond very well
(Fig. 8A). Average values of individual shells exhibit a
strong linear relationship with average d18Ow values
(R2 = 0.88), which further illustrates that d18Ow values
are reliably recorded by the shells. Individual shell average
values show some scatter, which is likely related to time
averaging or shell cessation as discussed above. Further-
more, it should be kept in mind that d18Ow data were typ-
ically collected at 2-weekly intervals which could miss some
variability, and the resolution of shell data has some vari-
ability. Similar to this approach, Kohn and Dettman
(2007) showed average riverine d18Ow values correlated well
with bulk shell d18O values across the United States
(R2 = 0.98), their relationship is analogous to that shown
in Fig. 8A with an offset explained by the generally lower
temperatures in their study. A more recent study compiled
mean d18Oshell values of 28 freshwater mollusk species from
25 river basins globally and showed that shell oxygen iso-
topes can be used as a proxy for river water d18Ow compo-
sition (Pfister et al., 2019), but ours is the first study
attempting this within a large tropical river basin. When
average shell values are used, short-term variations in
d18Ow composition cannot be observed, however average
d18Oshell values are still suitable to record long-term changes
in d18Ow.

As expected, bivalve specimens had a very similar
d18Oshell range to model shells. However, d18Oshell values
did not reach the full amplitude of the model shells, which
can be attributed to individual growth characteristics of
each specimen. When including all shells per site, the
d18Oshell range is very closely reflected in the range of
d18Ow values. Thus, shell oxygen isotope records reflect
the Qmax/Qmin ratios at these locations (Fig. 8B), but shells
from sites with intermediate Qmax/Qmin ratios are needed to
assess the robustness of this relationship. However, consid-
ering these bivalve shells record seasonal variations of
d18Ow values, we expect the relationship between the range
of d18Oshell values and the Qmax/Qmin ratio to hold true in
regions where seasonal changes in Q result in predictable
d18Ow differences. Both the ability of shells to record river-
ine d18Ow values and provide an indication of discharge
variability (Qmax/Qmin ratios) make freshwater African
Unionids promising for paleo-riverine and paleo-climate
reconstruction in the present and past using both museum
archived shells as well as fossils.

5. CONCLUSIONS

Results from this study show that the seven species of
African Unionid freshwater bivalves precipitate their shells
in oxygen isotope equilibrium with the water they inhabit.
All specimens recorded seasonal d18Ow variations, although
to a varying extent. Average d18Oshell records showed a very
good correlation with d18Ow values at all four locations in
the Congo Basin. Limitations regarding d18Oshell ranges
covered by individual specimens can be prevented by ana-
lyzing multiple shells at each location. However, for high
temporal resolution sampling, species which precipitate
robust shells and grow fast as the Aspatharia and Chambar-

dia have shown to be the most suitable.
Following a successful demonstration of the potential of
freshwater bivalve shell d18O values in reconstructing dis-
charge variations when a robust relationship exists between
d18Ow and discharge as in the Oubangui River (Kelemen
et al., 2017), this study evaluated to what extent this can
be extrapolated to other sites within the Congo River basin.
We found that the range in d18Ow (and hence, d18Oshell) is
lower in systems where the amplitude of seasonal variability
in discharge (expressed as the Qmax/Qmin ratio) is low, and
high when Qmax/Qmin is high. Thus shells have a high
potential to produce historical and fossil records of season-
ality in discharge and longer-term changes in river hydrol-
ogy. Long-term changes in precipitation sources, average
discharge, discharge variability (Qmax/Qmin ratio), and pos-
sibly effects of land-use change (such as deforestation,
which modifies water routing pathways) or human distur-
bance (e.g. dam construction – which leads to evaporation
and flow regulation) are expected to be reflected in shell
proxies. Analyzing shells from different time periods from
such basins would be of particular interest (e.g., museum
archived or fossil shells). Indeed, Qmax/Qmin may change
through time, which could be tracked using shells. Thus,
African Unionids are suitable for paleo-riverine and
paleo-climate reconstruction in the present and past using
both museum archived shells as well as fossils.

The same general conclusion is likely to hold true on a
much larger spatial scale: while we examined only river sys-
tems in (sub)tropical regions of Africa that are often char-
acterized by distinct wet and dry seasons, rivers in other
parts of the world often lack distinct relationships between
discharge and d18Ow due to more complex water source
contributions at high latitudes (e.g. Fan and Dettman,
2009; Yi et al., 2012). Thus, the type of information that
can be derived from measuring stable isotope proxies in
freshwater in river systems is strongly site-dependent.
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beau F., Borges A. V., Yambélé A., Bassirou A. and Bouillon S.
(2017) Calibration of hydroclimate proxies in freshwater
bivalve shells from Central and West Africa. Geochim. Cos-

mochim. Acta 208.
Klein R. T., Lohmann K. C. and Thayer C. W. (1996) Bivalve

skeletons record sea-surface temperature and d18O via Mg/Ca
and 18O/16O ratios. Geology 24, 415–418.

Kohn M. J. and Dettman D. L. (2007) Paleoaltimetry from stable
isotope compositions of fossils. Rev. Mineral. Geochem. 66,
119–154.

Kumar A., Sanyal P. and Agrawal S. (2019) Spatial distribution of
d18O values of water in the Ganga river basin: Insight into the
hydrological processes. J. Hydrol. 571, 225–234.

Lambert T., Bouillon S., Darchambeau F., Massicotte P. and
Borges A. V. (2016) Shift in the chemical composition of
dissolved organic matter in the Congo River network. Biogeo-
sciences 13, 5405–5420.
Laraque A., Mahé G., Orange D. and Marieu B. (2001)
Spatiotemporal variations in hydrological regimes within Cen-
tral Africa during the XXth century. J. Hydrol. 245, 104–117.

Laraque A., Bricquet J. P., Pandi A. and Olivry J. C. (2009) A
review of material transport by the Congo River and its
tributaries. Hydrol. Process. 23(22), 3216–3224.

Laraque A., Moukandi N’kaya G. D., Orange D., Tshimanga R.,
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