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Abstract
Despite a surge in mercury (Hg) pollution from artisanal and small-scale gold mining (ASGM) in Zimbabwe’s drainage 
basins, little is known about Hg trophodynamics in the country’s major reservoirs. We analyzed fish tissues for total mercury 
(THg) and stable isotopes of nitrogen and carbon (δ15N and δ13C) to compare patterns of biomagnification between two 
trophic guilds from a protected reservoir (Chivero) and an ASGM-impacted reservoir (Mazowe) and assessed consequences 
for human and fish health. Mean dry weight THg concentrations were significantly higher for both piscivorous and 
herbivorous fishes from Mazowe reservoir compared to fishes from similar feeding guilds in Chivero. Trophic magnification 
slopes (TMS), inferred from linear regressions between  log10[THg] and δ15N, revealed significant Hg biomagnification in 
Mazowe (TMS = 0.28; p < 0.05) and no evidence for Hg biomagnification in Chivero (TMS = − 0.005; p > 0.05). In Mazowe’s 
piscivorous fishes, 32% had wet weight THg concentrations that surpassed 0.2 µg/g ww, a threshold for susceptible human 
populations and biochemical and gene expression alterations in fish. In addition, 17% of Mazowe’s piscivorous fishes 
surpassed the UNEP THg toxicity threshold for human consumption (0.5 µg/g ww). To reduce exposure to Hg toxicity in 
humans, the maximum fish consumption for piscivorous species from Mazowe reservoir should not exceed 431 g/week for 
both adult male and female consumers. Our findings demonstrate the importance of creating freshwater-protected areas 
to prevent direct Hg contamination of aquatic ecosystems and the need for health agencies to provide fish consumption 
advisories to vulnerable communities.

Globally, pollution of aquatic habitats has been identified as 
one of the major threats to freshwater biodiversity (Dudg-
eon et al. 2006; Arthington et al. 2016; Reid et al. 2018; 
Dudgeon 2019). In recent decades, the impact of metal pol-
lution, particularly mercury (Hg), on aquatic ecosystems 
has received increased attention (Ikingura and Akagi 1996; 
Veiga et al. 2006; Driscoll et al. 2013; Zolnikov and Ram-
irez Ortiz 2018; Niane et al. 2019), largely due to its poten-
tial impact on human and ecosystem health. In freshwater 

ecosystems, Hg bioaccumulates in a range of aquatic organ-
isms including plankton (Watras and Bloom 1992; Rumen-
gan et al. 2003; Stewart et al. 2008), macroinvertebrates 
(Molina et al. 2010; Razavi et al. 2019), and fish (Razavi 
et al. 2014; Ouédraogo et al. 2015; Wang and Wang 2019). 
Biomagnification of Hg is observed from tropical to polar 
food webs (Lavoie et al. 2013).

Although Hg is often available from natural processes 
(e.g., volcanic emissions, soil and ocean degassing), anthro-
pogenic activities such as coal combustion (Zhao et al. 2019; 
Wu et al. 2020), cement production (Won and Lee 2012; Li 
et al. 2019), and artisanal small-scale gold mining (ASGM; 
Gbogbo et al. 2017; Mason et al. 2019) have increased 
its deposition rates in both terrestrial and aquatic ecosys-
tems. ASGM is practiced widely in many African countries 
where it provides a cheap option for supporting livelihoods 
in impoverished rural and urban communities. The United 
Nations Global Mercury Assessment Report (UNEP 2019a) 
estimated that ASGM contributed 80% of Hg emissions in 
Sub-Saharan Africa in 2015. ASGM employs rudimentary 
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mining methods such as Hg amalgamation to extract gold 
from its ore. During the process, an amalgam (a mixture of 
gold and Hg) is heated at high temperatures to volatilize the 
Hg leaving purified gold. ASGM activities thus leave behind 
ecosystems that are highly contaminated by atmospheric Hg 
deposition (Gerson et al. 2022).

Mercury emissions from gold amalgamation and the 
disposal of sediment with Hg residues into water bodies 
often lead to persistent environmental and health impacts on 
fish assemblages and fish-consuming human communities. 
Fish from aquatic bodies impacted by ASGM operations 
have been shown to contain high levels of Hg in both 
afro-tropical (Hanna et al. 2015; Mason et al. 2019) and 
neotropical (Montaña et al. 2021; Salazar-Camacho et al. 
2021) regions. There is sufficient evidence from both field 
and laboratory studies to demonstrate the negative effects of 
high Hg concentrations on fish physiology and behavioral 
traits (Crump and Trudeau 2009). For example, increased 
Hg exposure in fish has been linked with disruptions of 
male and female reproductive functions and a reduction in 
spawning success (Crump and Trudeau 2009). In addition, 
studies have shown evidence of reduced predator avoidance 
and an increase in predator vulnerability in fish exposed to 
high Hg concentrations under laboratory conditions (Webber 
and Haines 2003).

Piscivorous fishes, which are often at the apex of 
most aquatic food webs, have the potential to transfer 
bioaccumulated Hg to terrestrial food webs including 
humans and wildlife (Dolbec et al. 2001; Cristol et al. 2008). 
Mercury intoxication from contaminated sources such 
as fish is associated with a range of human neurological 
disorders such as cognitive, vision, somatosensory, and 
emotional deficits (Santos-Sacramento et  al. 2021). In 
children, both prenatal and postnatal Hg exposure is linked 
with neurodevelopmental disorders, impaired psychomotor 
development, low mental indices, and language issues 
(Grandjean et al. 1999; Harada et al. 2001; Marques et al. 
2007; Santos-Lima et al. 2020). Despite the documented 
neurotoxic effects of Hg on human and animal health (Crump 
and Trudeau 2009; Budnik and Casteleyn 2019; de Almeida 
et al. 2019; Santos-Sacramento et al. 2021) and the reported 
ecological catastrophes from increased Hg contamination in 
freshwater ecosystems elsewhere (Müller 2018), no studies 
have been done on Zimbabwe’s waterbodies to determine Hg 
trophodynamics in aquatic biota and the potential risk of Hg 
biomagnification on human health.

Protected areas in Zimbabwe cover ca. 50,000  km2, 
translating to ~ 13% of the country’s total land area 
(ZPWMA 2017). Most of Zimbabwe’s protected areas were 
primarily designed for conserving terrestrial biodiversity 
and are found in regions that receive a mean annual rainfall 
of < 650  mm (Manatsa et  al. 2020). A few exceptions 
include Kariba, Chivero, Manyame, Kyle, Ngezi, Umfuli, 

and Sebakwe national and recreational parks that were 
designed around large reservoirs. However, even for these 
protected areas with large reservoirs, their design does 
not provide enough protection for headwater regions, and 
anthropogenic activities such as ASGM, industrial, and 
agricultural processes in these unprotected upstream regions 
often introduce pollutants that are carried to the protected 
portions of the aquatic systems.

In Zimbabwe, poor regulation of ASGM activities, 
combined with severe economic hardships have led to 
an increase in ASGM operations in the country’s major 
drainage basins (Spiegel 2009), especially those outside the 
country’s protected area landscape. Maponga and Ngorima 
(2003) estimated that Zimbabwe has 300,000 miners along 
5000 km of its major river basins. Worldwide, ASGM is 
estimated to release 1,000 tonnes of Hg per year (Spiegel 
and Veiga 2010), while in Zimbabwe estimates range from 6 
tonnes (Maponga and Ngorima 2003) to 21.8 tonnes (Green 
et al. 2019) per year.

The growing body of knowledge on Hg contamination 
in Zimbabwe has mainly focused on quantifying Hg in 
abiotic substrates (Van Straaten 2000; Green et al. 2019; 
Bose-O’Reilly et al. 2020), examining legislative provisions 
around ASGM (Maponga and Ngorima 2003; Spiegel 2009), 
education of local communities on Hg pollution (Metcalf 
and Veiga 2012), examining factors that drive Hg burden in 
humans (Mambrey et al. 2020), and violent human conflicts 
associated with ASGM (Mkodzongi 2020). To understand 
Hg trophodynamics in Zimbabwe’s aquatic ecosystems, we 
sampled fishes from a protected and an ASGM-impacted 
reservoir to: (1) assess Hg exposure between two fish trophic 
guilds from reservoirs in protected and ASGM-impacted 
areas; (2) investigate Hg biomagnification using stable 
isotopes of δ13C and δ15N as indicators of diet and trophic 
position, respectively; and (3) determine the extent to which 
current Hg concentrations in economically important fish 
species pose a health risk to human consumers. Aquatic 
bodies located inside protected areas receive greater security 
and surveillance from conservation agencies resulting in 
reduced direct inputs of Hg from anthropogenic activities 
such as ASGM. We, therefore, expected to find lower Hg 
concentrations and biomagnification rates in fishes from the 
protected reservoir.

Materials and Methods

Study Area

Lake Chivero (17.9033° S, 30.7982° E) and Mazowe Res-
ervoir (17.5217° S, 30.9886° E), hereafter referred to as 
Chivero and Mazowe, are part of the Manyame and Mazowe 
catchments, respectively, in north-eastern Zimbabwe (Fig. 1). 
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Chivero is a warm monomictic reservoir that holds up to 
250 ×  106  m3 of water at full capacity (Magadza 2003) and 
was constructed across the Manyame River in 1952 to supply 
potable water to the city of Harare and its surrounding satel-
lite settlements. The reservoir lies at an altitude of 1368 m 
above sea level and is part of the Chivero Recreational Park, 
an IUCN category III protected area (ZPWMA 2017). Chive-
ro’s catchment is mainly dominated by urban settlements and 
heavy industrial sites. Human population increase in Chiv-
ero’s catchment has led to significant changes in landcover 
patterns over the past three decades, particularly an increase 
in built-up land and a decrease in grassland/shrubland cover 
(Tendaupenyu et al. 2017).

The burgeoning human population has also put a strain 
on the existing wastewater treatment infrastructure, result-
ing in the discharge of partially treated industrial and 
domestic effluent into the reservoir (Nhapi et al. 2004). 
Increased nutrient loading from sewage and industrial 
effluent has led to the hypereutrophic status of Chivero 

(Mitchell and Marshall 1974; Nhapi et al. 2004) and eco-
logical disasters including massive fish kills due to algal 
toxins and oxygen depletion from algal die-off (Mhlanga 
et al. 2006).

Mazowe was constructed across the Mazowe River in 
1918 to irrigate citrus plantations and other annual crops 
in the region (Mitchell and Marshall 1974). The reservoir 
lies at an altitude of 1,212 m above sea level and holds 
up to 44.6 ×  106  m3 of water at full capacity (Mujere and 
Mazvimavi 2012). Mazowe is located outside Zimbabwe’s 
IUCN protected area network and its catchment consists 
mainly of agricultural land, communal land, large nickel 
and gold mining operations, and natural vegetation. Part of 
the drainage also flows through the greenstone belt region 
that is associated with gold deposits (Masocha et al. 2019) 
and has attracted many artisanal small-scale gold miners 
to the region. Mixed agriculture and ASGM are the main 
sources of livelihood in the catchment (Masocha et al. 
2019).

Fig. 1  a Location of Zimbabwe in Africa; b Zimbabwe’s major river 
network and water bodies, study area is highlighted in dark blue 
including location of the capital city, Harare, in red; c close-up image 

of study area showing location of the two reservoirs and the Chivero 
Recreational Park
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Sample Collection

Field sampling was conducted during the dry season (June 
and July 2019). A total of 58 fish specimens representing 
three species and two feeding guilds (piscivorous and 
herbivorous) were collected (Table  S1). Oreochromis 
niloticus represented the herbivores in both reservoirs while 
Clarias gariepinus and Micropterus salmoides represented 
the piscivores. In Chivero, C. gariepinus were the only 
top predators present. Although C. gariepinus are usually 
omnivorous, gut analysis studies have shown that in some 
areas (e.g., Upper Zambezi and the Okavango basins), they 
tend to be piscivorous and consume a significant amount 
of fish from pack-hunting strategies (Merron 1993). In 
addition, other fish Hg toxicology studies in Botswana and 
Ethiopia have categorized them as ‘piscivorous’ (see Black 
et al. 2011; Desta et al. 2007). In Mazowe, piscivores were 
supplemented by M. salmoides because C. gariepinus was 
not abundant (n = 3), in our samples. Fish were caught from 
multiple habitats at each locality using electrofishing, rod 
and reel, and gill netting. Taxonomic identifications were 
confirmed using diagnostic character descriptions following 
Skelton (2001) and Marshall (2011).

Standard length (SL, mm) and wet weight (ww, g) 
measurements were taken on fresh whole fish at each 
collection site (Table S1). Fillet samples from the axial 
muscle tissue were dissected using a sterilized dissection 
board and scalpels. Fillet samples were then packaged in 
sterile whirl–pak bags, labelled with the species name, 
collection site, and date. All samples were stored on ice 
in the field and frozen within 24 h. Samples were then 
shipped to the United States and stored at − 20℃ prior to 
THg and stable isotope analyses. The protocol for sample 
collection (Protocol Number—190,304) was approved by 
the Institutional Animal Care and Use Committee (IACUC) 
at SUNY-ESF, while sample collection [(23 (1) (C) (II) 
36/2019)] and export (VB/2/13/186) permits were issued 
by the Zimbabwe Parks and Wildlife Management Authority 
and the Zimbabwe Veterinary Permits Office, respectively.

THg Analysis and Quality Control

Total mercury (THg) analyses for all fish muscle tissues 
were done at the State University of New York College 
of Environmental Science and Forestry (Syracuse, USA). 
Fish samples were freeze-dried using a PTFE-coated 
Freezone benchtop freeze dryer (Labconco Corporation, 
USA). THg was determined as dry weight (dw), by atomic 
absorption spectrophotometry following guidelines 
in EPA Method 7473 (USEPA 1998) using a tri-cell 
DMA-80 automatic mercury analyser (Milestone Inc.). 
The precision of THg measurements was ascertained 

by making duplicate measurements on 38% of the fillet 
samples (n = 22). The average relative percent difference 
[RPD = (sample 1- sample 2)/average*100%] for duplicate 
samples was 3.4% (standard deviation, SD =  ± 2.6%, 
range = 0.1–8.8%). Certified Reference Materials (CRM), 
TORT-3 (Lobster hepatopancreas, National Research 
Council of Canada), and DORM-4 (Fish protein, National 
Research Council of Canada) were run after every five 
samples to check instrument accuracy. Average CRM 
recovery rates were within the accepted 90–110% 
range i.e., TORT-3 (average = 102%, SD =  ± 4.8%, 
range = 95–110%, n = 9) and DORM-4 (average = 93%, 
SD =  ± 5.7%, range = 83–103%, n = 16). At the end of 
each batch run, matrix spikes/matrix spike duplicates were 
conducted, and the average percentage recovery rate was 
94% (SD =  ± 12.5%, range = 75–114%, n = 4).

Stable Isotope Analyses and Quality Control

To determine the vertical trophic structure and influence 
of energy sources on THg accumulation in fish from 
protected and non-protected reservoirs, carbon and 
nitrogen stable isotope composition (δ13C and δ15N, 
respectively) was measured. Samples of ground fish tissue 
weighing ~ 1 mg were loaded in ultrapure tin capsules 
and analyzed for stable isotopes using a Thermo Delta 
V isotope ratio mass spectrometer (IRMS), at Cornell 
University’s Stable Isotope Laboratory, (Ithaca, New 
York, USA). Quality control was monitored using four 
in-house standards that were routinely run to calibrate the 
instrument. Cayuga Brown Trout (CBT) and a ground corn 
standard (KCRN) were used for instrument normalization 
correction. Accuracy and precision were estimated with 
a deer standard (SD =  ± 0.06 ‰ for δ15N and ± 0.03 ‰ 
for δ13C; n = 17). Duplicate samples (n = 9) representing 
16% of the total specimens were run to aid quality control.

Finally, to check instrument linearity and its response to 
elemental composition measurement, a chemical standard 
(methionine; SD =  ± 0.42 ‰ for δ15N and ± 0.29 ‰ for 
δ13C) was used. Isotope values were reported in parts 
per thousand (‰), based on international standards: 
atmospheric nitrogen  (N2) and Vienna Pee Dee Belemnite 
(V-PDB) for δ15N and δ13C stable isotopes, respectively. 
Results were expressed in standard delta notation 
according to the formula in Eq. 1:

where X = 15N or 13C; Rsample = stable isotope ratio (15N/14N, 
13C/12C) of the sample; and Rreference = isotope ratio (15N/14N, 
13C/12C) of the reference.

(1)�X =

(

Rsample

Rreference

− 1

)

∗ 1000
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Trophic Structure and Hg Trophodynamics

We used stable isotope data to evaluate trophic transfer 
(trophodynamics) and bioaccumulation of Hg in fish 
samples from two feeding guilds (herbivores and piscivores) 
in the two reservoirs. Trophic levels (TrL), of the piscivorous 
fishes in each reservoir were estimated using δ15N isotopic 
signatures of O. niloticus as the baseline organism. 
Oreochromis niloticus is a primary consumer that was 
present in both reservoirs. Previous research (Cabana and 
Rasmussen 1996) demonstrated that fractionation rates of 
stable isotopic signatures (δ15N and δ13C) in freshwater 
aquatic producers such as phytoplankton are influenced 
by spatial and temporal variability in plankton biomass 
and growth rate. As a result, the use of primary consumer 
δ15N isotopic signatures as baseline indicators (instead of 
primary producers) is accepted in aquatic trophic structuring 
studies (Vander Zanden and Rasmussen 1999; Ouédraogo 
et al. 2015; Razavi et al. 2014), as their large body size and 
greater longevity reduces the influence of external variables 
on stable isotope fractionation rates. Trophic levels of 
piscivorous fishes were estimated following the formula in 
Eq. 2:

where δ15Nsample and δ15Nbaseline represent mean δ15N for 
the sample and the baseline organisms respectively, 3.4 
‰ represents the δ15N isotopic enrichment per trophic 
level (Post 2002), and λ = 2, i.e., the trophic position of 
the baseline organism. Although there is evidence that 
δ15N fractionation rates vary based on diet and the primary 
form of nitrogen excretion (Vander Zanden and Rasmussen 
2001; Vanderklift and Ponsard 2003), no specific nitrogen 
fractionation estimates have been developed for afrotropical 
freshwater fishes. Studies on biomagnification patterns in 
afrotropical freshwater fishes (Hanna et al. 2015; Ouédraogo 
et al. 2015) have also used the 3.4‰ fractionation rate.

Vertical trophic structure of fish samples from the two 
reservoirs was determined by constructing δ13C versus 
δ15N biplots. To account for ontogenic dietary shifts in fish 
samples that had wide specimen size ranges (O. niloticus 
and C. gariepinus), we first plotted [THg] ~ SL for each 
species to check for positive relationships between the two 
variables i.e., whether [THg] increased with fish length. We 
then plotted SL ~ δ15N to check for trophic positioning and 
ontogenic diet shifts between juvenile and adult fish for each 
species. It must be noted that, although we did the same 
analysis for M. salmoides, specimens for the latter species 
were generally large adults (SL range = 177 to 384 mm), 
Table S1.

Biomagnification of THg in both reservoirs was 
quantified by calculating the trophic magnification slope 

(2)TrLsample =
(

δ15Nsample − δ15Nbaseline

)

∕3.4‰ + �

(TMS, Lavoie et  al. 2013), a linear regression between 
 log10[THg] ~ δ15N, (with  log10[THg] as the dependent 
variable and δ15N as the predictor) for the two feeding 
guilds in each reservoir. The TMS estimates the average 
increase in THg concentration per unit δ15N. A TMS > 0 
indicates significant biomagnification of THg across trophic 
levels, with higher TMS values representing greater THg 
biomagnification (Lavoie et al. 2013; Li et al. 2021). Linear 
regressions to obtain TMS values followed the formula in 
Eq. 3:

where THg represents the total mercury concentration, 
b represents the slope of the equation or the trophic 
magnification slope (TMS), and a is the intercept. In 
addition, trophic magnification factors (TMF), which 
represent the average factor change in THg concentration 
between two trophic levels (Ouédraogo et al. 2015), were 
calculated as the antilogarithm of b as shown in Eq. 4:

where b is the slope of the TMS regression (Eq. 2) and 3.4‰ 
is the trophic discrimination factor for δ15N (Post 2002).

Hg Exposure Risk to Fish and Human Health

To assess the risk of Hg exposure to human health, fish 
tissue dry weight concentrations were converted to wet 
weight concentrations using the formula in Eq. 5:

where  THg(ww) and  THg(dw) are Hg concentrations in wet 
and dry tissues, respectively, and percent sample moisture 
is the difference between sample wet weight and sample dry 
weight expressed as a percentage. As the use of theoretical 
conversion factors underestimates chemical contamination in 
fish muscle tissue (Cresson et al. 2017), we made individual 
calculations of the percentage moisture content considering 
the intra- and interspecific variation between sample wet and 
dry mass ratios. The average percentage moisture content for 
the three species was as follows: C. gariepinus – 77.1%, M. 
salmoides – 77.9%, and O. niloticus – 72.1%.

The United Nations Environment Program (UNEP), in 
partnership with the International Labour Organisation 
(ILO) and the World Health Organization (WHO), has 
determined an Hg consumption threshold value of (0.5 µg/g 
ww), above which Hg exposure can have harmful effects 
on human health (UNEP 2002; 1990). A separate THg 
threshold (0.2 µg/g ww) has been established for susceptible 
populations i.e., those that may experience severe adverse 
effects at comparable or lower exposure levels than the 

(3)Log10
[

THg
]

= δ15N(b) + a

(4)TMF = 10(b∗3.4‰)

(5)
THg(ww) = THgdw ∗

[

1 − (percent samplemoisture∕100)
]
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general population (WHO 2008). To assess the risk of Hg 
exposure to human health, we compared THg (ww) values 
for the two feeding guilds (piscivores and herbivores) and 
reservoirs (Chivero and Mazowe) to the two THg threshold 
values i.e., (0.2 µg/g ww and 0.5 µg/g ww).

In addition, we made estimates of the maximum amount 
of fish meat that can be consumed per week without adverse 
effects on human health based on the provisional tolerable 
weekly intake (PTWI). PTWI is the amount per unit body 
weight of a harmful substance that can be ingested over a 
lifetime without negative health effects (JEFCA 2007). For 
Hg, the PTWI has been set at 1.6 µg/kg of body weight 
to protect vulnerable populations from neurotoxic effects 
(JEFCA 2007). Mean THg (ww) concentrations and the 
mean weights of different fish species were used to estimate 
the maximum amount of fish meat in grams, that can be 
safely consumed on a weekly basis for both adult men and 
women. The maximum amount of fish meat (MAF, WHO 
2008) was estimated using the formula in Eq. 6:

where BW = average body weight (65 kg and 70 kg for 
adult women and men respectively, Ferreira da Silva and 
de Oliveira Lima 2020), I = tolerable weekly intake of fish 
(µg/kg body weight), and C = metal concentration in fish 
(µg/g). Maximum amount of fish meat, MAF (g) for each 
fish species, and gender was converted to mean number of 
fish that could be safely consumed per week by dividing the 
MAF (g) with the mean weight (g) of each fish species in 
each reservoir.

To determine the exposure risk of observed THg 
concentrations on fish health, THg concentrations for 
individual fish in the two feeding guilds were compared 
to two reference values: 0.2 µg/g ww, which represents the 
upper Hg toxicity threshold for alteration of biochemical 
and gene expression processes, and 0.3 µg/g ww, which 
represents the upper Hg toxicity threshold for behavioral, 
reproductive, and histological changes in fish (Lepak et al. 
2016).

Statistical Analyses

We explored the data for normality and homogeneity 
of variance using the Shapiro–Wilk and Levene’s tests, 
respectively. To account for size differences and their 
effect on Hg concentrations in conspecific species from 
the two reservoirs, we compared mean standard lengths 
of C. gariepinus and O. niloticus specimens using t-tests. 
On average, fishes from Mazowe were significantly larger 
(Welch’s t-test: p < 0.05) than those from Chivero for both 
C. gariepinus and O. niloticus (Figs. S1a and S2a). We 

(6)MAF(g) =
BW(kg) ∗ I(μg∕kg)

C(�g∕g)

standardized THg concentrations by regressing [THg] and 
standard length (SL). THg ~ SL was only significant for O. 
niloticus from Chivero, therefore, data were combined for 
the two reservoirs to create regression equations for size 
adjusting (Figs. S1b and S2b). Mean differences in [THg 
adj] (size adjusted for C. gariepinus and O. niloticus) were 
then compared across the two trophic guilds (herbivorous 
and piscivorous) and reservoirs (Chivero and Mazowe) 
using Welch’s two sample t-tests for unequal variances. 
We used a t-test to confirm that C. gariepinus and M. 
salmoides belonged to the same trophic guild (Fig. S3), and 
then combined unadjusted M. salmoides with adjusted C. 
gariepinus data to quantify [THg] in the piscivorous guild 
for Mazowe. A significance level of (α = 0.05) was used for 
all statistical tests. All calculations and graph illustrations 
were implemented in R statistical software, version 4.03 
(R Core Team 2020) using the package ggplot2 (Wickham 
2016), and OriginPro (version 2021b, Northampton, MA, 
USA).

Results

Fish THg Concentrations

Mean dry weight  THg(adj) concentration in Mazowe 
ranged from 0.12  µg/g ± 0.05 SD in herbivorous spe-
cies to 1.27  µg/g ± 0.94 SD in piscivorous species. In 
Chivero, mean dry weight  THg(adj) concentration ranged 
from 0.09  µg/g ± 0.01 SD in herbivorous species to 
0.15 µg/g ± 0.09 SD in piscivorous species (Table 1). Mean 
dry weight THg (adj) concentrations were significantly higher 
(Welch’s t-test: p < 0.05), in herbivorous species from 
Mazowe compared to those from Chivero (Fig. 2a). A simi-
lar pattern was evident in piscivorous species, with mean 
dry weight THg (adj) concentrations significantly higher 
(Welch t-test: p < 0.05) in fishes from Mazowe compared to 
those from Chivero (Fig. 2b). Summary statistics for THg 
(adj) concentrations and standard length for the two feeding 
guilds (piscivores and herbivores) and reservoirs (Mazowe 
and Chivero) are presented in Table 1.

Trophic Structure and Hg Trophodynamics

Biplots of δ13C versus δ15N for both reservoirs showed 
the range of carbon sources and trophic positions for fish 
species in the two trophic guilds. Piscivorous species had 
the highest δ15N isotopic ratios in both Mazowe (M. sal-
moides, max δ15N = 14.59 ‰) and Chivero (C. gariepinus, 
max δ15N = 20.08 ‰; Fig. 3). The common herbivorous 
species in both reservoirs (O. niloticus) had consistently 
low δ15N ratios in Chivero (δ15N range = 14.3–16.87 ‰) 
and Mazowe (δ15N range = 9.16–10.90 ‰) and occupied a 
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lower trophic position in both reservoirs (Fig. 3). Although 
piscivorous species recorded the highest max δ15N ‰ in 
Chivero, their mean isotope ratios for both nitrogen (15.17 
‰ ± 4.44 SD) and carbon (− 19.56 ‰ ± 2.16 SD) were 
lower than those of herbivorous species for both iso-
topes, i.e., δ15N (15.74 ‰ ± 0.83 SD) and δ13C (− 17.78 
‰ ± 1.11 SD; Fig. 3).

In both reservoirs, fish were supported by a variety 
of carbon sources as evidenced by the δ13C values that 
ranged from − 24.7 to − 16.2 ‰ in Chivero and − 28.4 
to − 21.1‰ in Mazowe. Calculated trophic levels (TrL) 
revealed that the mean trophic level for piscivorous fishes 
in Mazowe (2.85) was significantly higher (Welch’s t-test, 
p < 0.05) than the mean trophic level (1.83) for piscivorous 
fishes in Chivero (Table 2). In Mazowe, the TMS slope 
from  log10[THg] ~ δ15N regression (0.28) was greater than 
zero (Fig. S4a), confirming the occurrence of significant 
(p < 0.05) THg biomagnification. In Chivero, there was 
no evidence of THg biomagnification (TMS = − 0.0049; 
p < 0.05; Fig. S4b). In addition, the rate of change in THg 
concentration between trophic levels (i.e., TMF) was higher 
in Mazowe (8.95) compared to Chivero (1.08; Table 2), indi-
cating that THg biomagnifies by a factor of ~ 9 between the 
two trophic levels in Mazowe and a factor of ~ 1 in Chivero. 
Plots between SL ~ δ15N did not reveal evidence of ontogenic 
diet shifts for piscivorous species in the two reservoirs, C. 
gariepinus (Fig. S5a) and M. salmoides (Fig. S5b). Although 
O. niloticus specimens from Chivero were significantly 

Table 1  Number of samples (n), median (Med), Mean, standard devi-
ation (SD), minimum (Min), and maximum (Max) values for standard 
length (SL, mm) and dry weight total mercury concentration (THg, 

µg/g, dw) in sampled fish species from the two reservoirs. Note that 
these include adjusted THg concentrations for C. gariepinus and O. 
niloticus, see Methods for details

Reservoir Feeding guild n Standard length (mm) THg (µg/g, dw)

Med Mean SD Min Max Med Mean SD Min Max

Mazowe Piscivores 12 217.8 308.8 131.3 177.1 564.1 0.93 1.27 0.94 0.38 3.51
Herbivores 10 312.1 317.5 27.3 280.9 361.5 0.11 0.12 0.05 0.05 0.20

Chivero Piscivores 24 245.0 243.4 70.0 100.5 372.0 0.14 0.15 0.09 0.06 0.47
Herbivores 12 163.3 148.8 52.7 53.0 219.3 0.09 0.09 0.01 0.06 0.11

Fig. 2  Differences in mean dry weight adjusted total mercury con-
centrations (THg µg/g dw) in fishes from the two feeding guilds a 
herbivores and b piscivores from the two reservoirs. Black diamonds 
indicate the mean [THg] dw concentration and error bars represent 
95% confidence interval for the mean. Different letters on boxplots 
indicate significant differences

Fig. 3  Biplots δ13C versus δ15N in two trophic guilds from the two 
reservoirs. The ratio of δ15N indicates trophic position while δ13C 
indicates dietary carbon source. Unconsolidated trophic positions 
for all specimens in each trophic guild are shown in grey symbols for 
both piscivores and herbivores, while mean trophic positions (± SD 
for δ13C and δ15N) of the two trophic guilds are represented by XY 
error plots and black symbols
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smaller in size than those from Mazowe (Fig. S2a), they 
had higher δ15N ratios compared to larger specimens from 
Mazowe (Fig. S5c).

Hg Exposure Risk to Fish and Human Health

Two piscivorous samples, i.e., M. salmoides, (0.73 µg/g ww) 
and C. gariepinus (0.58 µg/g ww), accounting for 9.1% of all 

fish samples from the Mazowe reservoir, had wet weight THg 
concentrations that exceeded the recommended UNEP thresh-
old for human consumption (0.5 µg/g ww, Fig. 4). In addition, 
seven samples of Mazowe’s piscivorous fishes, accounting 
for 32% of all fishes from that reservoir, exceeded the WHO 
threshold concentration for susceptible populations (0.2 µg/g 
ww, Fig. 4), and the Hg toxicity threshold beyond which bio-
chemical and gene expression are altered in fish (0.2 µg/g ww, 
Fig. 4). Three piscivorous samples from Mazowe were above 
the Hg toxicity limit for behavioral, reproductive, and histo-
logical alterations in fish (0.3 µg/g ww, Fig. 4).

In addition, a quantitative estimation of safe fish con-
sumption rates that minimize risk to human health revealed 
that piscivorous fishes from Mazowe should be consumed 
in low quantities per week (Table 3). For both adult men and 
women, the weekly intake of C. gariepinus and M. salmoides 
from Mazowe should not exceed 330 g and 431 g, respec-
tively. MAF estimates for the herbivorous species, O. niloti-
cus, which was common in both reservoirs, were generally 
larger, i.e., 3,467 g and 3,733 g per week of fish meat from 
the two reservoirs for both adult men and women (Table 3).

Discussion

Fish THg Concentrations

Our study provides the first attempt to analyze Hg trophody-
namics in Zimbabwe’s aquatic ecosystems and offers a quan-
titative examination of how anthropogenic activities, such 
as ASGM, influence THg concentration and biomagnifica-
tion patterns in freshwater fishes. Studies on non-mined and 
relatively undisturbed afrotropical aquatic systems including 

Table 2  Summary of trophic 
magnification slopes (TMS) and 
trophic magnification factors 
(TMF) for the two reservoirs, 
Chivero (protected) and 
Mazowe (ASGM-impacted)

Calculated mean and median trophic levels (TrL), for piscivorous fishes are also shown

Reservoir TMS  (log10THg ~ δ15N) TMF  10(b*3.4‰) TrL (Piscivores)

Mean SD Median

Mazowe 0.28 8.95 2.85 0.27 2.82
Chivero − 0.0049 1.08 1.83 1.31 2.37

Fig. 4  Total wet weight mercury concentration [THg (µg/g) ww] 
in fish muscle tissue and the corresponding δ15N values for the two 
feeding guilds (piscivores and herbivores), compared to Hg thresh-
old reference values (TRV) for human and fish health. 
TRV-1 = WHO Hg threshold in fish for susceptible human popula-
tions and, the threshold for biochemical and gene expression in fish; 
TRV-2 = threshold for behavioral, reproductive, and histological 
changes in fish; TRV-3 = UNEP threshold for Hg in fish destined 
for human consumption. Fish Hg threshold reference values follow 
Lepak et al. (2016)

Table 3  Estimates of maximum 
permissible fish consumption 
rates for men and women per 
week based on the PTWI for Hg

Rates were estimated for each species using mean fish weight, mean THg ww and an average body weight 
of 65 kg and 70 kg for women and men, respectively. Calculated indices include maximum amount of fish 
meat (MAF) and maximum number of fish (Max fish)

Reservoir Species Mean Weight (g) Mean THg (µg/g) Women Men

MAF (g) Max fish MAF (g) Max fish

Chivero C. gariepinus 172.5 ± 122 0.035 ± 0.02 2971 17 3200 19
O. niloticus 121.2 ± 115 0.034 ± 0.02 3467 29 3733 31

Mazowe C. gariepinus 1660 ± 517 0.34 ± 0.21 306  < 1 329  < 1
M. salmoides 387 ± 447 0.26 ± 0.20 400 1 431 1
O. niloticus 1510 ± 486 0.03 ± 0.01 3467 2 3733 3
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wetlands (Black et al. 2011), natural lakes (Campbell et al. 
2003, 2004; Machiwa 2004; Desta et al. 2007; Poste et al. 
2012), and reservoirs (Agorku et al. 2009) have consistently 
reported low THg concentrations in afrotropical freshwater 
fishes. In contrast, there is evidence of high THg concentra-
tions in fishes from ASGM impacted freshwater systems 
in both afrotropical (Taylor et al. 2005; Hanna et al. 2015; 
Mason et al. 2019) and neotropical (Ferreira da Silva and 
de Oliveira Lima 2020; Montaña et al. 2021) regions. Our 
findings corroborate these earlier studies by providing more 
evidence that, on average, fishes from ASGM impacted 
sites have higher THg concentrations, especially for spe-
cies feeding at higher trophic levels. For example, the mean 
THg (ww) for C. gariepinus from four ASGM impacted 
ponds in the Rwamagasa artisanal gold mining area in 
Tanzania ranged from 0.28 µg/g to 1.67 µg/g (Taylor et al. 
2005; Hanna et al. 2015), while the mean THg (ww) for O. 
niloticus in ASGM impacted regions of Cote d'Ivoire was 
0.025 µg/g (Mason et al. 2019).

THg concentrations in both piscivorous and herbivorous 
fishes from Chivero were lower than expected. Although 
the reservoir is located inside a protected area, non-point 
pollution from upstream anthropogenic activities has led 
to nutrient loading (Mitchell and Marshall 1974; Magadza 
2003) and the hypereutrophic status of the lake (Nhapi et al. 
2004). There is evidence that high primary productivity in 
hypereutrophic systems can lower Hg bioaccumulation rates 
as the rapid growth rate of phytoplankton lowers Hg uptake, 
resulting in bloom dilution of Hg (Ouédraogo and Amyot 
2013; Poste et al. 2015; Razavi et al. 2015). Bloom dilution 
lowers cellular Hg concentrations in producer communities 
leading to low Hg levels in consumer organisms such as 
fish. In addition, growth dilution could also be occurring at 
higher trophic levels in Chivero, i.e., in fish communities 
that make up the reservoir’s primary and secondary 
consumers. Fish growth rates in productive tropical lakes 
have been demonstrated to be consistently high, resulting in 
reduced Hg concentrations in fishes at higher trophic levels 
(Razavi et al. 2014; Poste et al. 2015). Thus, in addition to 
absence of direct Hg contamination from ASGM operations, 
phytoplankton bloom dilution and fish growth dilution in 
Chivero’s producer and consumer communities could be 
partly responsible for the observed low THg patterns in the 
reservoir’s fishes.

Recent studies on metal pollution in Chivero have 
reported heavy to extreme sediment contamination by heavy 
metals including Fe, Cd, Zn, Cr, Ni, and Cu (Utete et al. 
2018). Although we did not find literature on sediment Hg 
contamination for Chivero, it is possible that the reservoir’s 
stratification regime might temporarily prevent Hg from 
contaminated sediments in the hypolimnion to be mixed 
with epilimnetic water where most fish are found. The 
influence of such a temporal disconnect between stratified 

layers on fish Hg contamination has been demonstrated in 
other eutrophic reservoirs (Liu et al. 2011). Chivero is a 
warm monomictic lake that is stratified throughout much 
of the summer season due to density differences between 
cold hypolimnetic and warm epilimnetic water. Our 
sampling was conducted in summer when the reservoir 
was most likely stratified. Future studies should therefore 
investigate the temporal/seasonal variations in fish THg 
concentrations to account for the variation introduced by 
limnological mixing cycles, as previous work has shown 
that fish THg concentrations show seasonal variability 
(Bastos et al. 2007; Kassegne et al. 2018). For example, in 
hypereutrophic Chivero, algal die-off has been reported to 
create hypoxia and fish kills (Mhlanga et al. 2006). During 
stratification, the decomposition of sinking organic matter 
from the epilimnion can further reduce hypolimnetic oxygen 
concentrations. The resulting hypoxic conditions favor 
increased methylation of Hg to MeHg (Matthews et  al. 
2013). This pool of hypolimnetic MeHg is then distributed 
into the entire water column during lake turnover, exposing 
the lake’s ichthyofauna to high concentrations of MeHg 
(Matthews et al. 2013).

Trophic Structure and Hg Trophodynamics

Both herbivorous and piscivorous fish from Chivero recorded 
higher δ13C and δ15N ratios compared to fish from similar 
feeding guilds in Mazowe (Fig. 3). In freshwater systems, 
carbon isotopic ratios have been routinely used to differenti-
ate between pelagic and benthic carbon sources. Organisms 
that are dependent on benthic carbon sources typically have 
a greater enrichment of δ13C compared to those reliant on 
pelagic sources (Hecky and Hesslein 1995). It is possible that 
O.niloticus (the primary consumer) is feeding on different 
carbon substrates in the two lakes. In Chivero, the signifi-
cantly smaller size of O. niloticus (Fig S2a), might imply a 
preference for detritus and benthic invertebrates, whereas the 
significantly larger specimens from Mazowe might be using 
pelagic phytoplankton as their primary food source. The 
high δ15N observed in fish from Chivero might be a direct 
influence of anthropogenic nitrogen inputs into the reservoir. 
Chivero is a hypereutrophic lake that has received a huge 
amount of nutrient pollution over the years (Magadza 2003, 
Nhapi 2004). At the time of sampling, we observed partially 
treated sewage flowing into the reservoir from one of its main 
tributaries, the Marimba River (Figs. S6a and b).

TMS analysis showed that there was significant Hg bio-
magnification in Mazowe and no evidence of the same 
in Chivero (Figs. S4a and b), and the same pattern was 
observed for TMF, which was larger by a factor of ~ 9 
in Mazowe compared to Chivero (TMF =  ~ 1; Table 2). 
Given the role played by ASGM activities through directly 
releasing Hg in the Mazowe catchment, the relatively high 
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Hg biomagnification rates were expected. Recent studies 
of Hg biomagnification on aquatic ecosystems in other 
ASGM impacted sites in the neotropics (Azevedo-Silva 
et al. 2016, TMS range = 0.19–0.21; Montaña et al. 2021; 
TMS = 0.22), have produced similar Hg biomagnification 
patterns to those reported here.

The absence of Hg biomagnification in Chivero 
was unexpected. Previous studies on similar tropical 
hypereutrophic lakes in East Africa have reported low, 
but nonetheless positive TMS values (i.e., 0.08, 0.09 and 
0.08 for lakes George, Mburo and Saka, respectively; Poste 
et al. 2015). Biodilution processes, i.e., bloom and growth 
dilution (see the first section of the Discussion), could be 
responsible for the absence of biomagnification in Chivero. 
In addition, trophic level analysis for fish species in both 
reservoirs revealed that both the mean and median trophic 
level for piscivorous fish in Chivero was significantly 
lower than that of Mazowe (Table 2). Previous work has 
shown that apex predatory fish in tropical systems with 
longer food chains accumulate more toxicants than those 
found in systems with shorter food chains (Razavi et al. 
2014; Ouédraogo et al. 2015). Thus, the lower trophic level 
position of piscivorous fish in Chivero might be indicative 
of a shorter food chain, and the latter is associated with 
low Hg biomagnification.

Variation of dietary preferences between piscivores 
from the two reservoirs could also be responsible for the 
different biomagnification patterns. Mazowe’s piscivores 
were dominated by M. salmoides, an introduced centrachid 
with a diet mainly comprised of nekton, especially fish 
(Cochran and Adelman 1982). In Chivero, piscivorous 
fish were exclusively comprised of C. gariepinus, a native 
clariid with a diet mainly composed of fish, detritus, and 
insects (Winemiller and Kelso-Winemiller 1996). Evidence 
of a broad dietary range for C. gariepinus in Chivero was 
supported by the range of δ13C ratios in sampled fish (Fig. 3). 
In addition, differences in δ15N ratios between Chivero’s C. 
gariepinus samples exceeded 2.8‰ (Fig. 3), a threshold 
beyond which an omnivorous diet is considered dominant 
(Jepsen and Winemiller 2002; Razavi et al. 2014). Overall, 
absence of ASGM activities, the omnivorous feeding pattern 
of Chivero’s piscivores, the shorter food chain, and Hg 
biodilution processes occurring in the reservoir are all likely 
to be the major factors contributing to the recorded absence 
of Hg biomagnification.

The negative relationship between SL ~ δ15N for O. 
niloticus specimens from the two reservoirs (Fig. S5c), 
could be indicative of ontogenic dietary shifts. O. niloticus 
specimens from Chivero were significantly smaller than 
those from Mazowe (Fig. S2a). Previous studies (Poste 
et al. 2012), have confirmed ontogenic dietary shifts in this 
species, with juvenile fish having a diet that includes primary 
consumers such as benthic invertebrates while larger-adult 

fish tend to have an exclusively herbivorous diet comprising 
of phytoplankton and detritus.

Hg Exposure Risk to Fish and Human Health

Although our study only quantified THg concentrations in 
fish muscle tissue, previous work has shown that more than 
95% of Hg in fish muscle tissues is in the form of MeHg 
(Bloom 1992). Fish muscle THg concentration can therefore 
be used as a proxy to assess the risk of human exposure 
to MeHg. Our results indicate that piscivorous fishes from 
the ASGM-impacted reservoir (Mazowe) had wet weight 
THg concentrations exceeding both the WHO threshold 
for susceptible human populations (0.2 µg/g ww) and the 
threshold for biochemical and gene expression alteration in 
fish (0.2 µg/g ww; Fig. 4). Susceptible populations are those 
that may experience severe adverse effects at comparable or 
lower exposure levels than the general population (WHO 
2008). These include pregnant women and the developing 
fetus, infants, and individuals with pre-existing ailments 
of the liver, kidneys, and lungs. Our results indicate that 
consumption of piscivorous fishes from ASGM impacted 
sites should be avoided by individuals from susceptible 
groups to reduce Hg toxicity risk (Fig. 4). In the protected 
reservoir (Chivero), THg concentrations for both piscivorous 
and herbivorous fish species were below all examined 
thresholds used in this study. Based on these results, we 
provide the first fish consumption data to inform advisories 
for communities dependent on fish meat from the two 
reservoirs, which mainly include residents from Mazowe 
District and the Harare Metropolitan Province. MAF 
results for Mazowe fishes revealed that low consumption 
of piscivorous fishes is recommended for both adult men 
and women to avoid potential health risks (Table 3). Fish 
consumption has many health benefits and is a major way 
in which low-income communities in both rural and urban 
areas acquire essential nutrients such as protein, macro, and 
micronutrients (Béné 2006; Mcclanahan et al. 2015). Given 
the critical contribution of fish to human health, to reduce 
human exposure to Hg, we recommend consumption of 
species at lower trophic levels, and for local environmental 
management agencies to support efforts by the Minamata 
Convention on Mercury (UNEP 2019b) to reduce Hg use 
in ASGM.

In addition, our results reveal how anthropogenic 
activities such as ASGM have increased the threat 
to freshwater biodiversity conservation through the 
introduction of toxicants such as Hg in aquatic systems. 
Although the protected area status of Chivero might be 
partly responsible for the observed low THg concentrations 
and absence of Hg biomagnification, the role played by the 
trophic status of the reservoir through bloom and growth 
dilution cannot be overlooked. It remains unclear whether we 
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would have obtained similar results for Chivero’s fishes if the 
trophic status of the reservoir was in the meso-oligotrophic 
range. In both reservoirs, upstream anthropogenic activities 
seem to have a major influence on Hg trophodynamics. 
Freshwater ecosystems make up a small component of 
the country’s protected area network, often being partially 
included in terrestrial protected areas. The few protected 
areas that include large reservoirs, such as Chivero, have 
been poorly designed, with narrow boundaries around the 
reservoir (see Fig. 1) and no consideration of upstream 
processes that may introduce pollutants into the protected 
portion. Nutrient pollution, for example, can alter the trophic 
state and the resulting length of the food chain, which are 
both important determinants of Hg bioaccumulation in 
freshwater biodiversity. The creation of specially designed 
freshwater protected areas that extend into headwater areas, 
thereby considering the connected nature of fluvial systems, 
should be part of a suite of preventative measures to address 
the Hg contamination problem.

Conclusions

Economic hardships and unpredictable climate patterns 
in Zimbabwe have acted as catalysts for the expansion of 
ASGM operations in the country as people seek alternative 
livelihood options. The use of Hg in ASGM operations in 
Zimbabwe has led to contamination of aquatic ecosystems 
and the scale of the problem remains largely unquantified. 
In this study, we use fish from two trophic guilds in each 
reservoir (protected and ASGM-impacted), to provide the 
first quantitative evidence for patterns of THg concentration 
and biomagnification in fishes from Zimbabwe’s aquatic 
ecosystems. Reservoirs outside Zimbabwe’s protected area 
network are directly impacted by Hg pollution from ASGM 
operations and piscivorous fish from such water bodies 
should be consumed with caution, as they increase the risk 
of exposure to Hg toxicity in humans.

Although we did not find significant THg concentrations 
and evidence of THg biomagnification in fishes from the 
protected reservoir (Chivero), pollution levels (e.g., other 
toxicants and nutrients) from upstream activities in the 
Chivero catchment remain very high. In addition, there is 
a need to explore Hg contamination in upstream portions 
of the catchment as well as in-lake mitigation processes 
such as biodilution and limnological mixing cycles, and 
other broader factors such as seasonal variation on fish 
THg concentration. Future studies should aim to include 
specimens that are more representative of the aquatic 
foodwebs in the reservoirs to get a clearer picture of Hg 
trophic transfer patterns.

Our findings demonstrate the need for the country’s 
biodiversity conservation institutions to reconsider 

approaches to protect freshwater biodiversity, as aquatic 
ecosystems located outside protected area boundaries 
are disproportionately impacted by direct anthropogenic 
activities such as ASGM. In particular, the creation of 
specially designed freshwater protected areas extending to 
headwaters would ensure reasonable protection of aquatic 
biodiversity and habitats in the country. Furthermore, we 
provide baseline evidence for the potential threat of Hg 
contamination in fish species of commercial importance 
and call upon public health agencies to work on providing 
detailed fish consumption advisories to the general fish-
consuming public.
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