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A B S T R A C T   

Spatial and temporal variation of nine elements (Ba, Ca, Cu, Mg, Mn, Na, Se, Sr, and Zn) and some additional 
environmental parameters (salinity, water levels, and conductivity) were examined over two 2,000 km along the 
length of the main Mekong River channel from Luang Prabang in Northern Lao PDR to the Mekong Delta in 
Vietnam. Longitudinal profiles of some dissolved elemental concentrations varied significantly along the river 
channel. For example, Sr concentration in marine water was up to 83 times higher than in fresh water. By 
contrast, Ba concentration was around 4 times higher in fresh water than in marine water, but was significantly 
influenced by inflows from major tributaries in Cambodia (dilution effects). We found dissolved Ba was elevated 
in low salinity. Furthermore, Sr concentration was more variable than Ba, especially in the Mekong Delta due to 
different tidal influences in each of the Delta branches. Selenium was only present along the coast and one river 
branch in the delta. The variation in water chemistry of the Mekong main channel identified through this study 
provides information that can be used in the interpretation of regional fish movements using otolith chemistry, 
including across the freshwater, estuarine and marine interface. Accurate interpretation is essential given the 
Lower Mekong Basin has a high biodiversity that is under threat from rapid development, and substantial 
knowledge gaps exist on the life history requirements of numerous fish species.   

1. Introduction 

The composition and abundance of chemicals (trace elements) in fish 
otoliths (ear bones) or other calcified structures is widely used to 
reconstruct life histories of fish (Walther 2019). New layers of calcium 
carbonate are deposited on the otolith throughout a fish’s life, and in the 
process the otoliths generally incorporate elements and isotopes 
commensurate with ambient concentrations in the surrounding water 
(Campana 1999). The resulting microchemistry retrieved from otoliths 
can be used as a proxy to detect movements between chemically distinct 
environments or habitats throughout a fish’s life (Campana 1999; Els-
don and Gillanders 2003; Zimmerman 2005), but this is dependent on 

having a sound understanding of water chemistry and the processes 
governing it any variation. 

In rivers, trace element concentrations vary spatially as a result of 
different bedrock geology and weathering processes. For example, 
strontium tends to be more abundant in seawater than in many conti-
nental watersheds, while the reverse is true of barium (Walther and 
Limburg 2012), although barium often reaches a maximum in estuarine 
portions of river systems due to complex sorption/desorption dynamics 
(Coffey et al. 1997). Manganese, on the other hand, is typically present 
in low oxygen and/or acidic environments (Reddy and DeLaune 2008). 
Further, spatial and temporal variability can occur as a result of the 
hydrological regimes. For example, numerous studies have confirmed 
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higher concentrations of Sr in the marine environment than in fresh 
water (Gordeev and Lisitzin 2014; Crook et al. 2016; Tran et al. 2019), 
but this element can be higher in fresh water than in marine water in 
some river systems (Skougstad and Horr 1963; Brown and Severin 
2009). Furthermore, most studies have shown a negative correlation 
between Ba concentration and salinity (Nozaki et al. 2001; Macdonald 
and Crook 2010; He and Xu 2016), but a recent study in the Mekong 
Delta found a positive correlation (Tran et al. 2019). Also, dissolved Ba 
was elevated in low salinity in many estuaries (Coffey et al. 1997). 
Whilst it is generally accepted that Sr concentrations are higher in 
seawater, and Ba levels are higher in fresh water, these exceptions mean 
that there is always a need to validate assumptions. 

Understanding the patterns and processes governing water chemistry 
can be particularly challenging in monsoonal tropical delta systems 
where there is constant mixing of fresh and salt water in complex 
estuarine environments. Whilst the concentration of dissolved elements 
can vary significantly across the diel cycle in estuaries due to variation of 
tidal scheme (Elsdon and Gillanders 2006), large seasonal variations in 
hydrology and associated salt stratification, and saline water intrusion 
can be major challenges for otolith chemistry studies (Gugliotta et al. 
2017; Thanh et al. 2017). Failure to identify the variation in elemental 
concentrations in these water bodies may lead to misinterpretation of 
fish movements and life history strategies, making understanding water 
chemistry a prerequisite for any such otolith chemistry studies (Rieman 
et al. 1994; Zimmerman 2005). Despite this, many studies still do not 
compare otolith trace element concentrations to those in ambient 
waters. 

Tropical monsoonal delta systems are interesting cases. Most river 
flows through delta systems discharge to the sea. But flows through 
different Delta “branches” may vary widely, including at different times 
of the year, due to differences in flow distribution and salt intrusion. 
Saline water may intrude further inland in smaller branches into some 
systems (Thanh et al. 2017). This has significant implications for fish 
that regularly move between fresh and marine waters; and those that 
reside within Delta systems. Fish that reside in delta systems could have 
significantly different chemical signatures, which arise from hydrolog-
ical variation in delta branches and tidal influences, as opposed to 
changes in location. Despite this, most studies into trace element anal-
ysis have failed to capture fine-scale variation in delta systems. There-
fore, understanding how such variation plays a key role in otolith 
chemistry studies is imperative. 

The Mekong River, with its large and complex deltaic system, is a 
case in point. While the river system has at least one known species of 
diadromous fish (Pangasius krempfi; migrating regularly between fresh 
and marine waters (Hogan et al. 2007)), there is a paucity of biological 
information and it is likely that diadromy, and even potamodromy 
(movements within fresh water) are life history traits for many of the 
over one thousand species that inhabit the river (Vu et al. 2020). While 
otolith chemistry represents a useful method to identify diadromy in the 
system, including through the delta region (Hogan et al. 2007; Tran et al. 
2019; Vu et al. 2020), examination of variation in key elements 
(particularly Sr and Ba) is required prior to interpretation of otolith data. 
The objective of this paper is to examine spatial and temporal variability 
in elemental concentrations in waters of the Lower Mekong Basin (LMB). 
We hypothesized that owing to substantial variation in hydrological 
characteristics, there would be associated variation in water chemistry 
in the different branches of the Delta. This would have implications for 
the accurate interpretation of otolith chemistry data when attempting to 
quantify diadromy in migratory fish species in the LMB and is applicable 
to other braided tropical delta systems. 

2. Materials and methods 

2.1. Study area 

The LMB covers an area of around 607,000 km2 and 2,600 km of 

waterway in Laos PDR, Myanmar, Thailand, Cambodia, and Vietnam 
(MRC 2005) (Fig. 1). Hydrology follows a tropical monsoon pattern with 
low water levels during the dry season (February to May with the lowest 
river discharge in April: e.g. 2,160 m3 s− 1 at Stung Treng, Cambodia in 
2000) and a flood season starting in May/June and peaking in Sep-
tember/October (maximum discharge of 62,540 m3 s− 1 at Stung Treng, 
Cambodia in 2000). Differences in water level between seasons can be as 
great as 9 m (Cambodia in 2000), hence, large parts of the LMB, 
including the Delta are flooded during the wet season. Furthermore, a 
natural inland lake on a major tributary, the Tonle Sap Lake, stores 
floodwater during the wet season and this flows into the Mekong River 
main channel during the dry season. Water volume of the lake rises from 
1.5 km3 in the dry season to over 60 km3 in the wet season, and is a 
critical source of water to the delta during the dry season (MRC 2005). 
Water chemistry could be further influenced by inflows from the various 
tributaries and arising from varying hydrology in the Mekong Delta. 
Given that the underlying geology often impacts trace element compo-
sition, it is important to ensure that water chemistry sampling considers 
the inputs of tributaries into longitudinal studies. 

Humans can also contribute impacts to water chemistry. It is com-
mon to see spikes in elements around urban centres because of the 
various ways humans interact with the landscape and deposit effluents 
into waterways. Evidence of contamination near industry sites has been 
previously determined by analysing trace elements in water and fish 
otoliths (Ranaldi and Gagnon 2010; Hsu et al. 2016). Around 65 million 
people reside in the region: population density in the Mekong Delta is 
high (297 person km− 2) compared with mountainous areas (30 person 
km− 2 in Lao PDR) (MRC 2019). There are several cities along the 
Mekong River such as Vientiane (capital of Lao PDR with over haft a 
million people; 32 person km− 2), Phnom Penh (capital of Cambodia 
with over two millions people; 245 person km− 2), and a number of large 
cities in the Mekong Delta. Local communities are often located by the 
Mekong River as it is an important source of livelihoods and transport 
link in the region. In addition, there are numerous existing and planned 
dams in the LMB (Winemiller et al. 2016), especially two dams on the 
mainstem (Xayaburi and Don Sahong) that are now operational. These 
factors could also contribute to localized “spikes” in some elements. 

The Mekong River discharges around 475 km3 of water per year to 
the sea (MRC 2005). Most of the discharge (84%) originates from trib-
utaries of the LMB while the remainder comes from the Upper Mekong 
Basin. Approximately 21% of the Mekong discharge is lost in the 
Mekong Delta by entering tributaries/canals for irrigation and other 
uses; the remainder flows to the sea via eight river mouths (JICA 2004). 
However, flow distribution differs among the branches, reflecting size of 
each branch (Fig. 2). 

2.2. Sample collection 

Sixty-five water samples were collected from 22 sites along the LMB 
(triplicate samples at each site, except one site with duplicate samples). 
These sites started from the Mekong upland in Lao PDR (305 m above 
sea level, 2,064 km from sea) and progressively moved downstream into 
marine water. There were three marine samples (site V13), 12 coastal 
samples (V9, V10, V11, V12 – along the coastline), 12 brackish samples 
in four major Delta branches (V5, V6, V7, V8; ~15 km from river 
month), and 38 freshwater samples (V1, V2, V3, V4, L1 to L4, and C1 to 
C5) (Figs. 1 and 2). We note that C1 is located below the confluence 
where three major tributaries (Sekong, Sesan, and Srepok or 3S) join the 
Mekong River, to determine the influence of this system on trace 
element composition in the main channel. 

Sampling took place between March and July 2018. Water was 
collected within the top ~20 cm of the surface and then filtered with 0.2 
μm syringe filters (Sarstedt, Polyethersulfone membranes) into an acid- 
washed bottle. A 98-mL aliquot of each sample was immediately acidi-
fied with 2 ml of 65% nitric acid for analysis (EMSURE® ISO (Merck, 
Germany) to preserve the sample. A blank was prepared at each 
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sampling site following the same process above, but using deionized 
water (Water for chromatography, LC-MS Grade, Merck, Germany) 
instead of river water to determine if our sample collection process 
contributed any contaminants. After collection, the water samples were 
refrigerated until analysis. In-situ water measurement of salinity 
(measured using the Practical Salinity Scale) was performed at each 
sampling location in the Mekong Delta (V1 to V13) using a portable 
meter (HACH – Sension 156). 

2.3. Elemental analysis 

We analysed samples for a total of nine elements (Ba, Ca, Cu, Mg, Mn, 
Na, Se, Sr, Zn). These are considered key elements used to reconstruct 
life histories of fish in fish using otoliths as they are often correlated with 

concentrations in ambient water (Campana 1999; Carlson et al. 2017) or 
have annual variations (Heimbrand et al. 2020). Water samples were 
analysed at the Center of Analytical Services and Experimentation in Ho 
Chi Minh City (CASE) for seven trace elements (Ba, Ca, Cu, Mn, Se, Sr, 
Zn) by Inductively Coupled Plasma – Mass Spectrometry 7700x (Agi-
lent), using the EPA method 200.8. Method detection limits of the ma-
chine were 0.02 mg L− 1 for Ca, 0.002 mg L− 1 for Zn, 0.0001 mg L− 1 for 
Ba and Mn, and 0.0002 mg L− 1 for Cu, Se, and Sr. 

2.4. Secondary data 

Daily water levels in 2002 in four stations (Dai Ngai-V5, Long Xuyen- 
V2, Chau Doc, and Stung Treng-C1) and monthly dissolved elements 
(Ca, Mg, Na, and conductivity in My Tho and Stung Treng stations in the 

Fig. 1. Map of sampling sites in the Lower Mekong Basin.  
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period of 2004–2012, measured by Flame Photometter) were obtained 
from the Mekong River Commission (MRC) to investigate seasonal 
variation. Their sampling procedure and analytical methods are 
described in MRC (2018). In addition, both salinity (measured every 2 h) 
and daily water levels during the dry season (February and May 2014) in 
Tran De station (around 5 km from the coast, near V5) were collected 
from the Southern Regional Hydrometeorological Center and Center for 
Environmental Research and Climate Change to examine tidal variation 
in relation to salinity. Due to constraints of data availability, the sec-
ondary data above were collected in a different time frame, but were 
used to examine seasonal variabilities. 

2.5. Data analysis 

To determine pairwise correlations among variables we used linear 
correlation (Pearson correlation) to determine relationships among 
variables (elements and salinity). A Pearson correlation test was used to 
determine whether the correlation coefficient was significantly different 
from zero (p < 0.05). Mean, standard deviation, and coefficient of 
variation were calculated for each variable. Wilcoxon and Kruskal- 
Wallis tests were used to compare means of two or multiple indepen-
dent groups as our data was not normally distributed. Additionally, 
Dunn’s post-hoc test was used to compare among multiple pairwise 
comparisons where Kruskal-Wallis tests identified significant differences 

among groups. 

3. Results 

3.1. Hydrology and environmental parameters 

The hydrological regime in the LMB was related to a single annual 
flood cycle with the onset of the flood in May and the peak in September 
(Fig. 3). Seasonal variation in water level was greater in the middle part 
of the LMB where the river was more constrained (Min: 2.1 m; Max: 
11.5 m in Stung Treng station) but less in the Mekong estuary and 
associated floodplain systems or influence by the proximity to the ma-
rine environment (Min: − 0.3 m; Max: 0.7 m in Dai Ngai station). 

The Mekong Delta was strongly influenced by tides that vary over 
monthly cycles and are particularly evident in the dry season. The tidal 
amplitude was up to 3.74 m over the cycle and was directly associated 
with lunar periods (two neap tides and two spring tides over a month). 
The Mekong Delta exhibits semidiurnal tidal cycle with two high and 
two low tides of approximately equal heights per day. As a consequence, 
large amounts of salt water penetrate into the river and mix with the 
outflowing fresh water when the tide is high, but less so during the flood 
period. Therefore, salinity was strongly related to tidal stage and flood 
conditions (Fig. 4). Although the tidal period between river mouths was 
identical, the amplitude varied, reflecting its flow distribution (Fig. 2). 

Fig. 2. Map shows water discharge distribution between river branches (JICA 2004), water current directions during spring tide (Thanh et al. 2017), and sampling 
sites in the Mekong Delta. Percentages on the map indicate proportion of total water discharge in each river branch. Each sample site is depicted by a letter and 
number. The letter “V” refers to the country – Vietnam. 

A.V. Vu et al.                                                                                                                                                                                                                                    



Estuarine, Coastal and Shelf Science 255 (2021) 107355

5

3.2. Elemental concentrations and salinity between environments 

Elemental concentrations differed among environments (fresh, 
brackish, coastal, and marine waters, see Table 1). The greatest differ-
ences were observed for Sr, Ca, and salinity. For example, concentration 
of Sr in marine water was around 2, 6, and 83 times higher than in 
coastal, brackish and fresh water, respectively. However, Ba concen-
tration was richest at some freshwater sites, around 4 times higher than 
in marine water, while concentrations in brackish and coastal waters 
were similar. Concentrations of Ba in all freshwater sites in Cambodia, 

Laos and Thailand, except L1 and L2, were lower than that in coastal 
sites (Fig. 5). Selenium was only detected in brackish and coastal sites. 
Among the elements, correlation between Sr and Ca was the strongest (r 
= 1.00, p < 0.000). Concentrations of both Sr and Ca were highly 
correlated with ambient salinity (r = 0.99, p < 0.000). However, Ba was 
negatively correlated with salinity, albeit weakly (r = − 0.28, p = 0.03). 
It is noted that correlations between elements and salinity were almost 
always stronger than relationships between element:Ca ratios and 
salinity (the exception was Ba:Ca). 

Fig. 3. Daily water level variation for different sites along the Mekong River over an indicative 12 month cycle in 2000. Stung Treng is most upstream in Cambodia 
(purple); Chau Doc (green) and Long Xuyen (red) sample branches of the Mekong above the delta; and Dai Ngai (blue) is near the coast. 

Fig. 4. Variation of monthly salinity (mean: solid line, max and min: dotted lines) and water level at Tran De station (near V5) during the dry season (1 February to 
31 May 2014). 
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3.3. Spatial variation in elemental concentrations 

Longitudinal profiles of nine elements along the Mekong River from 
the most upstream site (L1 – 2064 km from sea) to marine water (V13 – 
88 km offshore) showed variation among Sr and Ca, and salinity. These 
elements were very high in marine water but low in fresh water. For 
example, Sr concentration in marine water (7,087 μg L− 1, V13) was 
much higher than in coastal (3,023 μg L− 1, V11), brackish water (960 μg 
L− 1, V6), and freshwater sites (160 μg L− 1, L1). On the other hand, Ba in 
marine water (7 μg L− 1, V13) was lower than coastal (32 μg L− 1, V11), 
brackish (29 μg L− 1, V6), and freshwater sites (32 μg L− 1, L1). The 
concentration of Ba in the coastal sites was higher than in all freshwater 
sites, except L1 and L2. 

Most elemental concentrations at C1 (below the confluence of the 3S 
tributary system with the mainstem Mekong) were very different from 
adjacent sites. Concentrations of Sr (29 μg L− 1), Ba (15 μg L− 1), and Ca 
(3,913 μg L− 1) at this site were the lowest among freshwater sites. Dis-
solved Sr and Ba at C1 were around half the elemental concentrations at 
L4 (some 200 km upstream), and the concentrations of Ca at C1 was 
about one third the concentration in L4. Due to this variation, the Sr:Ca 
and Ba:Ca ratios increased substantially at C1 (Fig. 5). 

In attempting to reconcile longitudinal variation of various elements 
with distance from the sea, it was apparent that there were significant 
variations in some elements from sites within the Delta region. Con-
centrations of Sr, Ba, Ca, Cu, Mn, and Se differed among river branches 
(Table 2). Elemental concentrations were much higher in V8, a small 
Delta arm, than in other river branches. For example, Sr concentration in 
V8 was 3–7 times higher than in other river branches, and some ele-
ments (i.e., Se and Cu) were only detected in V8. The differences were 
probably due to low flow distribution in this river branch (Fig. 2), hence 
more saline water intruded further into this Delta arm, leading to large 
differences in water chemistry. Elemental concentrations also differed 
among coastal sites. Concentrations of elements in V9 & V10 (far away 
from river mouths) were higher than those in V11 & V12 (near river 
mouths), except for Ba (Fig. 6). Salinity in V9 was 27, the highest along 
the coastline while V11 had the lowest salinity 13. 

Strontium concentration was more variable (29 μg L− 1 in C1 to 
7,180 μg L− 1 in V13) than Ba (7 μg L− 1 in V13 to 150 μg L− 1 in C1) in the 
Mekong River. Hence, the coefficient of variation of Sr (152%) was 
much higher than Ba (32%). However, variability of the Sr:Ca ratio 
(17%) was lower than the Ba:Ca ratio variability (37%) (Table 3). Dis-
solved Sr and the Sr:Ca ratio in marine water was relatively stable, or 
had lower variability than in the Mekong Delta (1–2%), while larger 
variability was found in other environments. 

3.4. Seasonal variation of element concentration 

Concentration of elements in Stung Treng station C1 (no tidal effect) 
was more stable than the tidally influenced My Tho station (Fig. 7). 
Concentrations of Mg, Ca, Na, and conductivity at My Tho station were 
substantially higher during the dry season. For example, Mg concen-
tration peaked in April (21 mg L− 1), nearly four times higher than that in 
January (6 mg L− 1). It reflects seasonal hydrological regimes and salt-
water intrusion in the LMB (Fig. 3). 

4. Discussion 

A detailed understanding of the spatial and temporal variation in 
water chemistry is important in the interpretation of fish movement 
using otolith chemistry. We found significant longitudinal variability in 
elemental composition between upstream and downstream regions of 
the LMB. In general, Sr concentrations are higher in marine-influenced 
regions while Ba was higher in freshwater areas in most river systems 
(Gaillardet et al. 2003). Our study confirmed that Sr concentrations in 
marine/brackish water were significantly higher than in fresh water, but 
Ba concentrations in the Mekong estuary were higher than in fresh water 
at many sampling sites. We found elevated Ba in the brackish water 
(salinity at 1–10) in the Mekong Delta. This variation of Ba has been 
observed in a number of estuaries and appears to be related to rapid 
sorption/desorption in the presence of particulate matter (Coffey et al. 
1997). We also detected significant variation among branches of the 
Mekong Delta, especially for elements such as Sr, Ba and Zn. Further-
more, there was a significant impact on elemental composition from 
inflows from the 3S tributary system in Cambodia. These findings have 
important implications for fish life history reconstruction studies based 
on otolith chemistry. 

The longitudinal variability we observed was consistent with other 
studies (Nozaki et al. 2001; Crook et al. 2016; Nelson and Powers 2020), 
where there was a strong, positive relationship between Sr and salinity 
in different river systems. However, Ba varies greatly between river 
systems and the relationship with salinity tends to be weaker and 
negative (including the current study), with the exception of Tran et al. 
(2019) who found a positive relationship in the Mekong Delta. These 
authors sampled water at four sites in relatively low salinity (0–22), 
while our study covered a greater salinity range (0–33). The variance is 
likely due to differences in timing of sampling, with high river discharge 
contributing to the delta and mixing with brackish water in the Mekong 
estuary, especially during the flooding season when it accounts for 75% 
of total Mekong flow (MRC 2005). This suggests that the Mekong estuary 

Table 1 
Elemental concentration and element:Ca ratios between environments (Mean ± SD). Mean ± SD with the same superscript letter indicates no significant difference (p 
> 0.05), whereas different letter shows significant difference (p < 0.05) between river branches. Pearson correlation (r) between dissolved elements and salinity was 
also given (*: correlation is significant at p < 0.05). Water was sampled from 8 March to 28 July 2018 in the LMB.  

Element/Element:Ca Concentrations of elements between environments Correlation with salinity (r) 

Freshwater (n = 38) Brackish (n = 12) Coastal (n = 12) Marine (n = 3) 

Ba (μg L− 1) 26.0 ± 6.3a 33.3 ± 8.9ab 27.3 ± 7.9ab 7.0 ± 0.0a − 0.28* 
Ca (μg L− 1) 14,439.4 

±6,750.6a 
74,359.8 
±43,277.1b 

247,532.6 
±57,903.2b 

396,333.3 
±12,503.3b 

0.99* 

Cu (μg L− 1) 0.1 ± 0.2a 0.1 ± 0.2a 0.7 ± 0.4b 0.5 ± 0.5ab 0.68* 
Mn (μg L− 1) 7.8 ± 7.8a 5.3 ± 4.1ab 1.9 ± 2.2b 0.8 ± 0.0ab − 0.32* 
Se (μg L− 1) 0.0a 0.1 ± 0.2a 0.5 ± 0.1b 0.0a 0.69* 
Sr (μg L− 1) 85.4 

±47.5a 
1,164.1 
±821.3b 

4,389.8 
±1,053.9b 

7,086.7 
±153.1b 

0.99* 

Zn (μg L− 1) 1.9 ± 10.5a 2.3 ± 5.5a 0.0a 1.0 ± 1.7a − 0.09 
Ba:Ca (x103) 2.1 ± 0.8a 0.5 ± 0.2b 0.1 ± 0.1b 0.0 ± 0.0b − 0.70* 
Cu:Ca (x106) 8.9 ± 18.7a 0.6 ± 1.1a 2.7 ± 1.3ab 1.3 ± 1.3a − 0.16 
Mn:Ca (x106) 632.2 ± 600.9a 74.2 ± 54.5b 7.9 ± 9.9b 2.0 ± 0.1b − 0.43* 
Se:Ca (x106) 0.0a 0.6 ± 1.1a 2.2 ± 0.2b 0.0a 0.61* 
Sr:Ca (x103) 5.8 ± 1.0a 14.6 ± 2.1b 17.7 ± 0.3b 17.9 ± 0.2b 0.84* 
Zn:Ca (x106) 105.4 ± 561.4a 47.6 ± 111.8a 0.0a 2.6 ± 4.5a − 0.08 
Salinity 0a 5.1 ± 2.8b 19.0 ± 5.2b 31.6 ± 0.0b Na  
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is a dynamic and complex environment with an associated complex 
water chemistry. 

4.1. Longitudinal variation 

There was considerable variability in the concentrations of the key 
elements in different sections of the LMB. For example, Se was only 
detected in all coastal sites and one river branch (V8) of the Mekong 
Delta, but not from other freshwater or marine environments. We note 
that dissolved Se was the highest (0.73 μg L− 1) at site V9 which was 
dominated by mangrove forest and shrimp farming. The coastal areas of 
the Mekong Delta are the most important farming areas in the LMB, 

producing over 750 thousand tonnes of shrimp in 2019 (GSO 2020) and 
the presence of Se may arise from the use of antibiotics or premix 
products in shrimp farming leaching into the environment. Coal-fired 
power plants may also contribute to the rise of Se as there are a 
couple of power plants in the Mekong Delta. Especially, there is a 
gas-power-fertiliser plant near site V9 (about 70 km North). In addition, 
concentrations of Sr and Ca were significantly higher in marine waters 
than in fresh water in the Mekong River. This is likely a function of 
different elemental composition in bedrock between environments 
(Skougstad and Horr 1963; Kraus and Secor 2004; Brown and Severin 
2009). Additionally, dissolved Mn, a tracer of hypoxia (Limburg et al. 
2015), was found elevated at sites adjacent to large cities upstream, such 

Fig. 5. Longitudinal profiles of dissolved elemental concentration (Mean ± SD) along the Mekong River (Mekong branch) from the most upstream site (L1 – Luang 
Prabang) to marine water (V13: 88 km offshore). Water was sampled from March to July 2018 in the LMB. It is noted that not all side branches or coastal sites are 
included in the figure. Sampling sites are marked on the top right graph. Negative values on the X-axis indicate distance offshore and positive values indicate distance 
along the river upstream (waterway). Letters V, C and L refer to Vietnam, Cambodia and Lao PDR (respectively). 
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as Vientiane (L2: 13.0 μg L− 1) and Phnom Penh (C4: 11.7 μg L− 1) 
(Fig. 5). Effluents from local communities could produce enough organic 
pollution to lead to local hypoxia and the release of dissolved Mn due to 
redox processes. 

Water chemistry in the Mekong mainstem can potentially be influ-
enced by contributions from its tributaries. We observed different trends 
in elemental concentrations in C1 where the three largest tributaries (3S 
system) flow to the Mekong River. Concentrations of key elements 
dropped remarkably at this site, probably due to the discharge of water 
with different elemental composition from these tributaries. For 
example, concentrations of Ba, Sr and Ca in the Cambodian reaches (C1) 
was low compared with sites in Lao PDR (L4, ~200 km upstream). It is 
likely that the high discharge from the 3S system, contributing around 
20% of the flow to the Mekong River (Brunner et al. 2019), is having a 
dilution effect. There was a significant increase in Sr:Ca and Ba:Ca ratios 
at site C1 because dissolved Ca dropped more significantly than con-
centrations of Sr and Ba. This variation was also reported by Fukushima 
et al. (2014). Acrisols are the dominant soil type (~70%) in the 3S basin 
(Oeurng et al. 2016). Nutrients and cations are often very poor in these 
soils (ICEM 2016), and therefore concentrations of elements are lower in 
the 3S areas. In addition, soil is diverse with at least 80 types identified 
in the MLB (ICEM 2016). It was suggested that differences in soil types 

Table 2 
Mean ± SD of elemental concentrations and element:Ca ratios for river branches 
in the Mekong Delta. V5, V6, V7 are faster flowing sites while V8 is slower 
flowing site (see Fig. 2 for discharge distribution between these branches). Water 
was sampled in river branches from 8 to 9 March 2018. Mean ± SD with the 
same superscript letter indicates no significant difference (p > 0.05), whereas 
different letter shows significant difference (p < 0.05) between river branches.  

Element Concentrations of elements in river branches within the Delta 

V5-Tran De 
(n = 3) 

V6-Cung Hau 
(n = 3) 

V7-Ham Luong 
(n = 3) 

V8-Cua Tieu 
(n = 3) 

Ba (μg 
L− 1) 

21.7 ± 0.6a 28.7 ± 0.6ab 41.0 ± 0.0ab 42.0 ± 0.0b 

Ca (μg 
L− 1) 

32,107.3 
±305.5a 

64,433.3 
±1,950.2ab 

57,933.3 
±1,616.6ab 

142,965.0 
±2,000.0b 

Cu (μg 
L− 1) 

0a 0a 0a 0.3 ± 0.1b 

Mn (μg 
L− 1) 

2.0 ± 0.0ab 0.9 ± 0.1a 9.0 ± 1.0ab 9.3 ± 0.6b 

Se (μg 
L− 1) 

0a 0a 0a 0.3 ± 0.1b 

Sr (μg 
L− 1) 

370.0 
±0.0a 

960.0 
±26.5ab 

856.7 
±32.1ab 

2,469.7 
±30.0b 

Zn (μg 
L− 1) 

3.3 ± 5.8a 5.7 ± 9.8a 0a 0a 

Ba:Ca 
(x103) 

0.7 ± 0.0ab 0.4 ± 0.0ab 0.7 ± 0.0a 0.3 ± 0.0b 

Cu:Ca 
(x106) 

0a 0a 0a 2.3 ± 0.4b 

Mn:Ca 
(x106) 

62.3 ± 0.6ab 13.5 ± 1.0a 155.8 ± 21.6b 65.3 ± 3.3ab 

Se:Ca 
(x106) 

0a 0a 0a 2.3 ± 0.4b 

Sr:Ca 
(x103) 

11.5 ± 0.1a 14.9 ± 0.3ab 14.8 ± 0.2ab 17.3 ± 0.0b 

Zn:Ca 
(x106) 

104.9 ±
181.7a 

85.3 ± 147.8a 0a 0a 

Salinity 1.20 ± 0.0a 4.2 ± 0.0ab 7.6 ± 0.0b 7.4 ± 0.0ab  

Fig. 6. Elemental concentrations in water sampled between different sites along the coast in the period 9–12 March 2018. V9&V10 are unlikely impacted by the 
Mekong river discharge while V11&V12 are located near river mouths (see Fig. 2). Zinc was not present above detection limits. “*” denotes significant difference at p 
< 0.05 while “ns” denotes not significant difference (p > 0.05). 

Table 3 
Coefficient of variation (%) of elements including ratios to Ca in different en-
vironments. Water was sampled from 8 March to 28 July 2018 in the LMB.  

Element Environment All combined 

Freshwater Brackish Coastal Marine 

Ba 24 29 27 - 32 
Ba:Ca ratio 37 47 34 3 81 
Ca 47 23 58 3 134 
Sr 56 24 71 2 152 
Sr:Ca ratio 17 1 15 1 54  
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and their parent bedrock throughout this system might be contributing 
to different elemental concentrations among parts of the LMB. 

Water chemistry in the Mekong estuary is complex due to dynamic 
and seasonal hydrological regimes, salt stratification, and sea tidal in-
fluences. Elemental concentrations likely change with salinity and tidal 
conditions, as some dissolved elements are strongly correlated with 
salinity (Table 1). Daily tidal range is up to 3.74 m; therefore, daily 
salinity is highly variable according to the tidal conditions (Fig. 4). High 
river discharge is regularly flushed to the sea, but saline water pene-
trates upstream in the Mekong River for a short time each day to around 
15 and 50 km inland during the wet and dry seasons, respectively 
(Gugliotta et al. 2017; MRC 2019). It is important to note that salinities 
on the riverbed and ocean bed are relatively higher than on the water 
surface (de Villiers 1999; Thanh et al. 2017), and will influence fish 
living in different depths of the water column. 

Dissolved elements in river waters come from a range of natural and 
anthropogenic sources. The natural sources are related to rock weath-
ering, volcanic and geothermal activities, soils, and forest fires, while 

diverse sources of elements are introduced to aquatic systems by de-
velopments such as mining, industry and domestic wastes, agriculture, 
and transportation (Gaillardet et al. 2003). Mining (metals and sand) 
and agricultural activities could contribute major sources of elements to 
river waters, but little information is available in the Mekong region. 
Sand is extracted extensively for infrastructural development in the 
LMB. The sand mining sector was estimated at USD 175 million per year 
(MRC 2019). In addition, the majority of land is used for rice and other 
crops, and large amounts of fertiliser are used for farming in the LMB. 
For example, 39% (or 1.6 million ha) of land in the Mekong Delta is used 
for rice farming, and around 243 kg of fertiliser (110 kg Nitrogen, 13 kg 
Potassium, and 60 kg Phosphorous) and nearly 5 kg of pesticides were 
used per hectare and per crop for intensive rice farming (Tong 2017; 
GSO 2020). Pesticide residues in water likely cause negative impacts on 
fish and even human health in the region (Toan et al. 2013; Tam et al. 
2018). 

Fig. 7. Seasonal variation of elements and water levels in the LMB. Monthly concentration of elements (Mean ± SD between 2004 and 2012). My Tho station is 
located within tidal influences (50 km from sea) while Stung Treng station is outside tidal influences, below where the 3S tributaries converge and become the 
Mekong (656 km from sea). 
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4.2. Temporal variation 

Some dissolved elements and environmental parameters vary 
seasonally in the LMB. Concentrations of at least three elements (Mg, Ca, 
Na) were significantly higher in the dry season than the wet season, 
especially in the Mekong Delta where they are likely influenced by the 
tide and salt intrusion. For example, in My Tho station, Mg concentra-
tions were the highest in April (dry season), over six times higher than in 
October (wet season). Also, concentrations of Mg, Ca, Na and conduc-
tivity in April were relatively higher than in October at the Stung Treng 
station. Similarly, conductivity in a large tributary of the middle Mekong 
River (Songkhram River in Thailand) showed a strong seasonal variation 
(low during the flood season and high during the dry season), and 
conductivity in this tributary was higher than that in the Mekong River 
(Satrawaha et al. 2009). Interestingly, salinity (0–1) was detected in the 
Songkhram River (Shrestha and Muangthong 2014). This tributary is 
about 1300 km inland, so the salinity is probably caused by evaporation. 
This may lead to variation of some elements such as Sr and Ca which are 
highly correlated with salinity and conductivity (Table 1). Seasonal 
variability in concentrations of dissolved elements have also been found 
in other river systems (Shiller 1997). For example, concentrations of Sr 
were significantly higher in estuaries of South Australia in the summer 
than in winter (Elsdon and Gillanders 2006; Crook et al. 2016). also 
found that concentrations of Sr decreased with increasing water flow in 
the Daly River, Australia (Pearson correlation coefficient = − 0.93, p <
0.01). Similarly, concentrations of dissolved Sr and Ba were significantly 
higher in the dry season than in the wet season (p < 0.01) in the Cal-
casieu River, USA; Ba:Ca ratios were also significantly different between 
seasons (p < 0.05) while Sr:Ca ratios were relatively stable (He and Xu 
2016). 

4.3. Implications for reconstructing environmental histories of fish 

Reconstructing fish life histories using elemental otolith chemistry is 
a complex task and requires understanding the relationships between 
elemental concentrations in ambient water and fish otoliths. Trace ele-
ments from ambient waters are deposited in the fish otoliths as a result 
of lattice substitution of Ca in otoliths and chemical composition and 
abundance in otoliths often correlate with ambient water concentrations 
(Martinho et al. 2020). For example, 62–84% of Ba, 59–88% of Sr, 80% 
of Mg, and about 75% of Ca in otoliths were obtained from surrounding 
water (Zimmerman 2005; Webb et al. 2012; Woodcock et al. 2012). It is 
noted that the relationship may be partially influenced by other factors 
such as food uptake, fish physiology (e.g. metabolism, metamorphosis, 
growth rates) and environmental conditions (e.g. temperature) (Secor 
et al. 1995; Campana 1999; Elsdon and Gillanders 2002; Sturrock et al. 
2015; Daverat and Martin 2016; Hoffman 2016). Some studies found 
that temperature contributed a minor influence on chemical composi-
tion of otoliths of King George whiting (Sillaginodes punctatus) 
(Mazloumi et al. 2017), while elemental concentrations in Japanese eel 
otoliths (Anguilla japonica) were not affected by fish diet (Lin et al. 
2007). However, effects of above factors may be different among fish 
species. 

Based on the variability in elemental concentrations between 
different regions of the LMB, we suggest that Sr (including Sr:Ca ratio) 
should be the most reliable indicators of diadromous life cycles as this 
element is distinct and/or highly variable between environments 
(Table 1). Additionally, Ba (including Ba:Ca ratio) is also suggested as a 
second tracer. Therefore, these elements can be used as proxies to 
reconstruct fish migrations between fresh and marine waters in the LMB 
(diadromy). Although both Sr and Ba signatures have been most 
commonly selected in otolith chemistry studies, the Sr signature is 
preferred to Ba (Elsdon and Gillanders 2006; Carlson et al. 2017). 
However, Elsdon and Gillanders (2005b) argue that use of otolith Ba:Ca 
ratios may classify more accurately than Sr and Sr:Ca. Our study found 
that Ba concentration in fresh water was relatively similar to brackish 

water; particularly, Ba concentration in many freshwater sites (e.g. 15 
μg L− 1 in C1) was substantially lower than in brackish water sites (e.g. 
32 μg L− 1 in V11). Other studies also have shown such variations in Ba 
concentrations (Tran et al. 2019), hence interpretations based on Ba 
may require greater scrutiny and further analysis. Given the variability 
in Ba concentrations we observed in the delta system it may be difficult 
to differentiate between freshwater and brackish systems using Ba as a 
tracer alone in otolith chemistry studies. In these instances, combining 
with other tracers (e.g. Sr) may help to resolve such discrepancies. 

Moreover, dissolved elements that are unique can be used as specific 
biogeochemical markers. We found Se present mainly in coastal area of 
the Mekong Delta. This is critical for otolith studies because the presence 
of elements such as Se would mean the fish could have only accumulated 
these elements from specific geographic locations. The presence of Se in 
the coast of the Mekong Delta may be potentially related to local ac-
tivities such as shrimp farming because this area is the most important 
shrimp farming area in the Mekong Delta, around 25% of the Mekong 
Delta’s shrimp production was produced in surrounding V9 (GSO 2020). 
Selenium is an important trace mineral in fish/prawn diet on growth and 
immune system (Farzad et al. 2019; Truong et al. 2020), hence prawn 
farmers may use premix products containing Se to improve growth rates 
and meat quality. In addition, some studies showed that coal mining 
activities can be detected by using Se tracer in otoliths (Friedrich et al. 
2011; Arnold et al. 2015). Other elements such as Sr and Ba can be used 
to discriminate wild and stocked fish (Cameron et al. 2016; Carlson et al. 
2016). We also found that elemental concentrations were significantly 
lower in the 3S tributary system, this could potentially provide a 
signature that is unique to the 3S system and might be able to infer fish 
movements in and out of this major tributary system. 

Elemental concentrations varied seasonally, particularly in the 
Mekong Delta. For most Mekong fishes, they likely grow faster during 
the flood season due to food and habitat availability (Poulsen et al. 
2004). Thus, it could be expected that there would be 
inter-seasonal/annuli variations in microchemistry of fish otoliths when 
these are compared against growth rings in otoliths. Consequently, 
otolith analysis could potentially display some degree of seasonal vari-
ation, but this may not be necessarily related to change in location of the 
fish. It could be because the fish is stationary, but the ambient water 
chemistry is changing. Some elements such as Mg and P can be used as 
tracers to assess seasonality and metabolism (Heimbrand et al. 2020). 

The Mekong estuary is a dynamic and complex environment due to 
the effects of semidiurnal tide from the sea and the hydrological regime 
from the contributing watershed upstream. Elemental concentrations 
were more variable in the Mekong estuary (tidally influenced) than in 
upstream (little to no tidal influence) reaches (Fig. 7). This is likely a 
function of seasonal tidal activity and, for some fish, will make it diffi-
cult to resolve whether microchemical changes are due to change in 
position, or change in tidal influence. During extreme tidal seasons, this 
variation can be observed over short temporal scales of hours, days, 
weeks or months, thus elemental abundance in otoliths may show 
similar patterns, particularly for Sr which was strongly correlated with 
salinity. This could create variable spikes and troughs in otolith data, 
making interpretation of fish movements based on otolith chemistry 
difficult in such a dynamic environment. In such instances it is important 
to construct a conceptual understanding of fish movements to try and 
reconcile these variations. For example, stable otolith chemistry may 
suggest that an individual fish would remain in the same location, but 
the same pattern would be observed if the fish actually followed the 
water mass into another location (Fig. 8a). Similarly, if the water masses 
move around a stationary fish, different signatures would arise (Fig. 8b). 
Therefore, inferring fish migration in dynamic environments with high 
flow, such as estuaries, by otolith chemistry should be treated with 
caution as mixed signatures may hinder or mis-classify habitat occu-
pancy (Elsdon and Gillanders 2006). 

Moreover, stratification of water chemistry is another challenge for 
otolith chemistry studies in the Mekong Delta. Salt gradients are often 
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different between water on the surface and river/ocean bed (de Villiers 
1999; Thanh et al. 2017). Chemical properties could be significantly 
different between water column depths due to complex and dynamic 
environments such as Mekong estuary. It becomes more difficult to 
understand fish movements if fish move between water columns. For 
example, fish may actually remain within the same location but move 
within the column, but otolith chemistry may suggest that they could 
distribute in different salinity gradients because water chemistry likely 
differs between different depths. In this regard, fish biological charac-
teristics such as behaviour and distribution are required before any 
attempt is made to interpret fish migrations. 

Previous studies suggest that otolith microchemical elements are 
unlikely to respond immediately to changes in ambient water chemical 
concentrations, but rather, there is a lag for some elements to be 
incorporated into otoliths to fully reflect ambient waters. For example, 
changes in elemental concentrations in otolith of juvenile Chinook 
salmon (Oncorhynchus tshawytscha) could be detected after 2–3 days of 
changing ambient water, but it took 12–14 days to reach equilibrium 
(Miller 2011). Similarly, time-lags in Japanese eels were longer; changes 
in elemental concentrations in otoliths were detected after 10 days, but 
it took at least 30–60 days to be stable (Yokouchi et al. 2011). Also, 
juvenile Australian bass (Macquaria novemaculeata) took at least 40 days 
(for Sr:Ca) and 30 days (for Ba:Ca) for concentrations to reach a stable 
levels after transferring from one treatment (salinity varied from 5 to 38) 
to another treatment of lower salinity (Macdonald and Crook 2010). It 
took 20 days for Sr:Ca to be stable in juvenile black bream (Acantho-
pagrus butcheri) (Elsdon and Gillanders 2005a). Hence, signatures in 
otoliths may not detect fish movements if marine fishes briefly migrate 
between fresh and marine waters. A similar effect is seen with exposure 
to pollution, where pollution tracers are only detected after a certain 
amount of time being exposed to pollution sources. Detection is also 
chemical element dependent: Sr uptake in otoliths was significantly 
faster at lower salinity gradients (1) than at higher salinity gradients 
(5–38), while partition coefficients for Ba were highest in marine waters 
(Macdonald and Crook 2010). Consequently, there may also be a “lag” 
between change in location, and aggregation of elements into otoliths. 

Finally, contribution of flow from tributaries into the main channel 
provides an interesting angle not examined here. Our work resolved that 
using Ba and Sr markers, with some caveats, should be a reliable way to 
resolve diadromy. However, these markers are probably a poor indicator 
for fish that are potamodromous (migrating exclusively in freshwater). 

Because we found that elemental composition was relatively stable in 
freshwater environments, we would only be able to determine if a fish 
was hatched, and stayed, within freshwater. We would be unable to 
detect movements or spawning evidence in tributaries unless they have 
ambient chemical concentrations that differ because of the surrounding 
geology or hydrology. Scientists have resolved this using stable isotopic 
ratios (e.g. 87Sr/86Sr) as proxies to examine fish movements in rivers 
(Walther and Limburg 2012; Crook et al. 2016), and combined ap-
proaches are proving valuable in large river studies, such as the Amazon 
Basin (Hauser et al. 2020). In addition, we found that elemental con-
centrations were different between river branches. In fact, fish could 
settle in any of the branches, the distinctive chemical variation between 
branches means that it should be possible to pinpoint the exact locations 
the fish inhabit by comparing otolith data with ambient water chemistry 
data. 

Analysis of ambient water chemistry is an essential part of most 
otolith chemistry studies, depending on specific research questions 
(Zimmerman 2005; Daverat and Martin 2016). This helps identify 
appropriate elements used as proxies to track fish migration through 
different environments. We suggest that Sr (including Sr:Ca ratio and 
probably Sr isotopes) combined with Ba (including Ba:Ca ratio) are ideal 
chemical tracers to elucidate connectivity of fish between environments 
in the LMB. Longitudinal variations in Sr and Ca concentrations showed 
distinct patterns: very rich in marine environments but very poor in 
fresh waters. Besides, other elements can be used as tracers to examine 
fish exposure to hypoxia (e.g. Mn) or to study metabolic effects (e.g. Mg) 
(Limburg et al. 2015, 2018; Heimbrand et al. 2020). Therefore, selection 
of elements as chemical tracers for otolith chemistry studies depends on 
specific objectives for a study. Using multiple chemical signatures can 
provide further insights into fish life history reconstruction. Fortunately, 
multiple elements with high-resolution can be obtained simultaneously 
from otoliths by advanced technology with little additional cost, hence 
otolith chemistry becomes more powerful and cost-effective. 
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Levinsky, S.E., Karpushevskaia, A., Radtke, K., Öhlund, J., 2020. Seeking the true 
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