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Defining drinking water metal 
contaminant mixture risk 
by coupling zebrafish behavioral 
analysis with citizen science
Remy Babich1*, Emily Craig2, Abigail Muscat2, Jane Disney3, Anna Farrell3, Linda Silka4 & 
Nishad Jayasundara5*

Contaminated drinking water is an important public health consideration in New England where 
well water is often found to contain arsenic and other metals such as cadmium, lead, and uranium. 
Chronic or high level exposure to these metals have been associated with multiple acute and chronic 
diseases, including cancers and impaired neurological development. While individual metal levels are 
often regulated, adverse health effects of metal mixtures, especially at concentrations considered 
safe for human consumption remain unclear. Here, we utilized a multivariate analysis that examined 
behavioral outcomes in the zebrafish model as a function of multiple metal chemical constituents of 
92 drinking well water samples, collected in Maine and New Hampshire. To collect these samples, a 
citizen science approach was used, that engaged local teachers, students, and scientific partners. Our 
analysis of 4016 metal-mixture combinations shows that changes in zebrafish behavior are highly 
mixture dependent, and indicate that certain combinations of metals, especially those containing 
arsenic, cadmium, lead, and uranium, even at levels considered safe in drinking water, are significant 
drivers of behavioral toxicity. Our data emphasize the need to consider low-level chemical mixture 
effects and provide a framework for a more in-depth analysis of drinking water samples. We also 
provide evidence for the efficacy of utilizing citizen science in research, as the broader impact of this 
work is to empower local communities to advocate for improving their own water quality.

Clean drinking water is at risk due to chemical contamination from both natural and anthropogenic sources. This 
is a pressing issue in Maine and New Hampshire. Approximately 40% of New Hampshire residents and 40–45% 
of Maine residents depend on private wells for their drinking water1–3. Over one million people across both states 
are at risk for drinking well water containing more than 10 ppb of Arsenic (As), the maximum contaminant level 
set for public water systems by the U.S. Environmental Protection Agency (USEPA). Of particular concern, is a 
high risk of metal contamination in wells in these two states, due to the bedrock geology3,4. Neighboring states 
such as Massachusetts, Vermont, and New Jersey also report high utilization of well water and are at increased 
risk of chemical contamination5,6.

Arsenic contamination of drinking water is an important public health concern in New England as well as 
around the world. Arsenic is present within bedrock in As-sulfide complexes, and can be easily released into the 
groundwater supply under alkaline and reducing conditions7. Exposure to As has been linked to many diseases 
including lung, bladder, liver, and skin cancers8–10 as well as vascular and neurological disorders11. Studies have 
also linked prenatal As exposure to increased risk of stillbirth12 as well as increased As exposure to deficits in 
intellectual function in adolescents13. Considering the adverse outcomes of As exposure, the US EPA reestablished 
the maximum contaminant level (MCL) of As in drinking water from 50 to 10 ppb in 2001, giving municipalities 
with public water systems until 2006 to adhere to the new standards.

In Maine and New Hampshire, As remains a critical concern14. According to a USGS survey of As in private 
wells in Maine from 2005 to 2009, the majority of towns contained wells with maximum As concentrations 
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between 10 and 50 μg/L and some exceeding 500 μg/L15. A 252 household study in Maine showed that As levels 
in 1/3 of wells tested exceeded 10 μg/L. Notably, children in households that exceeded 5 μg/L of As were found 
to have significantly lower IQ scores16.

In addition to As, individuals are exposed to other metal contaminants such as lead (Pb), uranium (U), and 
cadmium (Cd) in the drinking water17. Early Pb and Cd exposures have been associated with lower IQs and 
behavioral disorders in children18,19. Gestational exposure to U has shown modifications in locomotor activity 
and memory in rodent models20. The additive or interactive effects of exposure to multiple metal contaminants 
through the drinking water is beginning to be studied. Importantly, an increasing number of studies show 
that exposure to chemical mixtures with concentrations below MCLs have biological consequences21–23. While 
integrating mixture impacts in drinking water quality assessment is just beginning to emerge, this is not a con-
sideration at the regulatory level.

Private well water is not mandated by the law to be tested and homeowners are responsible for their own 
tests. In Maine, many homeowners who have had their wells tested for contaminants in the past have not done 
so again (even though the recommended testing frequency is 3–5 years) and are often optimistic that their water 
is clean compared to their neighbors24. Even for individuals who are taking action, mitigation methods, such as 
using a portable water filter or installing a reverse osmosis system, are not always effective, resulting in a false 
sense of security that can lead to inadvertent metal contaminant exposure25,26.

In vivo studies based on model organisms offer a relatively quick and controlled effect-based approach to 
screening for chemical mixture toxicity of drinking water contaminants, while providing a real-world example 
for citizen engagement. In particular, the zebrafish (Danio rerio), is a prominent high throughput toxicological 
model27–29 with a rapid embryonic development time. Although the zebrafish has been used to assess toxicity 
of chemicals and chemical mixtures, zebrafish embryos are just beginning to be utilized in deriving biological 
outcomes from actual drinking water samples30.

There are two limitations that are currently impeding the effectiveness of determining drinking water quality. 
The first that is particularly relevant to Maine and New Hampshire, is a lack of homeowner participation in both 
water testing and mitigation processes. The second, and a more globally prevalent issue is the lack of informa-
tion related to metal mixture effects and the difficulty in communicating mixture effects to the broader public.

Here, given the association of lower-IQ levels in children with arsenic-contaminated drinking water in Maine 
and other demonstrated effects of arsenic on neurobiology13,16, we sought to explore neurobehavioral effects of 
exposure to drinking water collected from wells in Maine and New Hampshire. To improve homeowner partici-
pation in well water testing and increase awareness of physiological effects of metal mixtures, we implemented a 
citizen science—scientific partner approach, facilitated by teachers in Maine and New Hampshire, who educated 
and guided students to collect local well water samples for heavy metal analysis. We used these student-collected 
water samples in blind studies to test behavioral toxicity using the zebrafish model organism to provide a more 
comprehensive analysis of water quality and potential underlying low-level and mixture effects (Fig. 1).

Figure 1.   Conceptual map depicting the combination of main methods used in this study including; citizen 
science, an in vivo functional assay using the zebrafish model, and rigorous statistical cluster analysis. Also 
highlighted is the main finding, that alterations in biological outcomes (mortality, hatching, and activity) are 
highly dependent on chemical mixtures even at low concentrations.
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Methods
Outreach and sample collection.  Well water samples were collected as part of an NIGMS Science Educa-
tion Partnership Award (SEPA) project called “Data to Action: A Secondary School-Based Citizen Science Pro-
ject to Address Arsenic Contamination of Well Water. This collaborative project engages teachers and students 
from rural schools in Maine and New Hampshire as citizen scientists in collecting well water from their homes 
for arsenic analysis (Fig. SI). Teachers are recruited through several partnerships and receive training alongside 
scientist partners.

Well water samples were collected by students from their homes or from neighboring homes or summer 
camps between spring 2019 and winter 2020. The sampling protocol is as follows: The cold water tap is run for 
five minutes, after which 50 mL of water is collected in a plastic conical 50 mL tube. The caps to the tubes are 
wrapped in parafilm in order to prevent leakage when being shipped out for analysis. A second 100 mL water 
sample is collected from the running tap in a 100 mL sample plastic jar for fish behavior analyses. These samples 
are frozen for 24 h at the student’s home to kill microorganisms that could set up biogeochemical cycles within the 
jar and change the speciation of the arsenic31. Otherwise, the samples are brought into the classroom and frozen 
for 24 h by the teacher, who makes note of the time between sampling and freezing. Students collect metadata, 
often on a paper datasheet, which is later entered into the “All About Arsenic” project on the citizen science data 
portal Anecdata.org. The metadata include the collector’s name, the student name, the location of the well, the 
type of well, whether the water was filtered and whether the filter was for the whole home or located at the tap. 
Information about previous testing is also collected. The name and address of the sampler and exact well location 
are not available in the publicly available dataset on Anecdata. However, disclosure forms are provided to families 
so that they can give permission for data to be shared with the Maine Center for Disease Control, New Hamp-
shire Department of Environmental Services, and with scientists conducting research on the well water samples.

Water analysis.  The Trace Element Analysis (TEA) laboratory at Dartmouth College conducts low-level 
trace metal analysis on student-collected well water samples collected by students using inductively coupled 
plasma mass spectrometry (ICP-MS) with a triple quadrupole Agilent 8900 (Santa Clara, CA) in helium and 
oxygen modes. The ICP-MS was calibrated using NIST-traceable standards and calibration was verified using 
second source standards after the calibration standard and every ten samples. The laboratory control solutions 
used were NIST 1640a and a USGS proficiency test reference sample. Analytical duplicate and spikes were ana-
lyzed at a frequency of one each per 20 samples.

The samples were tested for the following metals: Arsenic (As), Antimony (Sb), Barium (Ba), Beryllium (Be), 
Cadmium (Cd), Chromium (Cr), Copper (Cu), Iron (Fe), Lead (Pb), Manganese (Mn), Nickel (Ni), Selenium 
(Se), Thallium (Tl), Uranium (U).

Toxicity studies.  Zebrafish exposure.  Zebrafish embryos (AB Wildtype) were collected and incubated at 
28.5 °C in egg water (60 μg/mL Instant Ocean sea salt in deionized water) at 1 embryo/1 mL until 24 h post 
fertilization (hpf) and screened for viability. 15 embryos were then moved to treatment solutions containing 
7.5 mL egg water and 7.5 mL of a given well water sample (or 15 mL egg water for control exposure) at 28.5 °C 
until 5 days post fertilization (dpf) in a 30 mL (diameter 6.5 cm, depth 2.5 cm) glass petri dish. 15 embryos were 
dosed in triplicate, collected from 3 different batches of eggs, per treatment solution. The 50% dilution was used 
because it was non-lethal but still produced alterations in behavior and allowed the conservation of limited water 
samples. Of the total 382 samples collected from Maine and New Hampshire, 92 samples were chosen randomly 
for the behavioral analysis.

Behavioral studies.  Zebrafish larvae were analyzed at 5 dpf for mortality, chorion presence, and any obvious 
deformities. For a given sample treatment, 8 larvae were randomly selected and placed individually into wells 
containing 2 mL of egg water each in a 24 well plate. This process was repeated 3 times, yielding behavior data for 
24 larvae. There were certain instances where exposure to well water resulted in significant mortality or hatching 
inhibition. Larvae that remained in their chorion were manually dechorinated and allowed to equilibrate before 
being plated in 24 well plates, larvae that exhibited minimal movement post-dechorination were not used. In 
groups with high mortality, extra embryos from the same exposure group were used to obtain a sufficient num-
ber of larvae for the behavior analysis. The mortality and hatching data are indicated in Fig. 2 and Supplemental 
Table SI.

For the behavior analysis, plates containing larvae were kept in a water bath inside Danio Vision (Noldus, 
Leesburg VA) to maintain temperature at 28.5 °C throughout the run. The Ethovision (Noldus, Leesburg, VA), 
a software used in tandem with Danio Vision, was used for a light/dark test, which included a 5:00 min dark 
habituation period, 5:00 min light period, 5:00 min dark period, 5:00 min light period, and 5:00 min dark 
period (for a total of 25 min). After the run was completed, larvae were removed and euthanized with MS-222. 
Zebrafish research were carried out in accordance with ARRIVE guidelines and all methods were in compliant 
with relevant guidelines and regulations and were approved by the University of Maine IACUC committee, 
proposal number A2017‐05‐04.

Statistical analysis.  The distance traveled by each larvae was extrapolated from Ethovision software at 30 
frames/second as mm moved per minute and summed over 25 min to determine the total distance (TD) traveled 
by a given larvae during the experiment. Averages of TD over 25 min from each larvae were calculated for each 
treatment group. Prior to statistical analysis, TD data were checked for normal distribution (Shapiro–Wilk), 
homogeneity of variance (Levenes test), and outliers in SPSS software (IBM, Armonk, NY). To test for statistical 
significance between TD across sample treatment groups, a one-way analysis of variance (ANOVA) and Tukey 
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post-hoc was conducted using GraphPad Software (Prism, San Diego, CA). This test designated control-like, 
hyperactive, and hypoactive behavioral groups. Subsequently, ANOVA and Tukey post-hoc was used to test 
for significance in mortality and chorion presence of samples associated with hypo/hyper/control-like activity 
relative to egg water controls. Here hypoactive is defined as a sample that results in a significant decrease in TD 
relative to egg water controls, hyperactive is defined as a sample that results in a significant increase in TD rela-
tive to egg water controls, and control-like is defined as a sample that resulted in no significant change in TD 
relative to egg water controls.

To determine the potential for one chemical contaminant to drive the behavioral effects detected following 
exposure to a given well water sample, a simple correlation analysis was conducted where total distance traveled 
was plotted against the concentration of a given chemical of interest (Fig. 3, Supplemental Fig. SII). Given previ-
ous behavior toxicity studies, we focused on examining a correlation between As, Cd, Pb, and U concentration 
and larval behavior (Supplemental Fig. SIII).

To evaluate metal mixture effects, we conducted a principal component analysis (PCA) using SPSS software 
(see supplemental methods for syntax, IBM, Armonk, NY). The PCA generates 2 principal components (PC1, 
PC2) for each of the 92 well water samples based on their chemical composition, which was inserted into the PCA 
as raw concentration values in μg/L. The PCA can be performed based on all 12 chemical composition data or 
user picked combination of chemicals (e.g., PCA can be conducted based only on As, Cd, and Pb concentration 
data to determine principal components for all 92 wells). Given there are 12 metals, numerous combinations of 
metal concentration data, can be integrated into the PCA. To determine the number of combinations of metals 
(i.e. different permutations of As, Sb, Ba, Cd, Cr, Cu, Fe, Pb, Mn, Ni, Se, and U combinations, from a mixture 
containing all 12 down to that of three metals remaining in each combination)

here n = 12 and r is all integers between and including 11 and 3, resulting in a total of 4016 combinations without 
repetition. (Although Be and Tl levels were determined in the metal analysis, they were excluded in subsequent 
mixture analyses, since they were undetected in the majority of well samples tested). PC1 and PC2 for all pos-
sible 4016 combinations were generated.

(1)� n!/r!(n− r)!

Figure 2.   Heat map, representing concentration of a given metal as a percent of its maximum contaminant level 
(MCL) in a drinking water sample; MCLs for arsenic (As)—10 ppb, cadmium (Cd)—5 ppb, lead (Pb)—15 ppb, 
and uranium (U)—30 ppb. Percent mortality and hatching inhibition at 5 dpf are also included. Samples are 
further categorized into exposures that resulted in no significant change in larval total distance (TD) traveled, 
significant hypoactivity, and significant hyperactivity relative to egg water controls. Blue colors indicate a lower 
percentage and reds indicate a higher percentage.
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PC1 and PC2 for each of the 92 samples were then plotted for each of the 4016 combinations. Each of the 92 
samples within a PCA plot was then overlayed with behavioral data (i.e. designated as hyperactive, hypoactive, or 
control-like behavior). This allowed for visualizing clusters of behavior among the 92 sample treatments, based 
on the metals and their corresponding concentrations for a given metal input combination. Subsequently, we 
focused on metal combinations that resulted in distinct clustering between groups of control-like and hypoactive 
associated samples or control-like and hyperactive associated samples.

To reduce ambiguity in determining different clusters, we utilized an approach as demonstrated by Good-
paster and Kennedy32 to identify statistically significant clusters between different behavior response groups for 
a given metal combination and repeated it for all 4016 possible metal combinations. Briefly, PC1 and PC2 were 
used to generate the Mahalanobis distance (MAH) between groups based upon activity level, e.g., MAH between 
control-like cluster and hypoactive cluster. Using Excel (Microsoft, Redmond, WA) the MAH was derived from 

√

d′Cw
−1d, where daverage′ = PC1(control-like) − PC1(hypoactive) and daverage = PC2(control-like) − PC2(hypoactive). Cw

−1 is the inverse 
of the pooled variance and covariance matrices between control-like and hypoactive groups. The MAH was then 
used to determine the Hotteling’s two-sample T2 statistic using T2 = (n1n2)/(n1 + n2)(MAH). Upon calculation 
of the T2 statistic, an F-value = (n1 + n2 − p − 1)/p(n1 + n2 − 2)T2, could be calculated and used in the F-test. Here, 
n1 = # of well samples associated with control-like activity, and n2 = # of well samples associated with hypoactivity, 
and p = 2 (comparison between 2 clusters). The F-test was then used to determine significance between 2 activity 
clusters generated via PCA derived principal components. The clusters were considered significantly different if 
the calculated F-value was greater than the critical F-value as determined by a web-based software (https://​www.​
danie​lsoper.​com/​statc​alc/​calcu​lator.​aspx?​id=4). The F-critical value for control vs hypo and hyperactive clusters 
was calculated to be 5.81 and 5.79 respectively, with an alpha level of 0.005.

Statistically significant clusters of control-like and hypoactive or control-like and hyperactive groups were 
determined for all 4016 metal combinations. From this, we generated two subsets of combinations, those com-
binations that resulted in significantly different clusters between control-like and hypoactive behavior and con-
trol-like and hyperactive behavior. For each subset, the number of times an individual metal appeared within a 
combination was calculated. This was conducted to determine the prevalence of metals that resulted in distinct 
hypoactive and hyperactive clusters compared to control-like clusters.

Further, to identify if 2 or 3 metals consistently appeared together within metal combinations of the 2 subsets, 
similar to earlier, the number of permutations to be tested were first calculated using � (n!/r! (n − r)!). Here, n = 12 
and r is 2 or 3. This resulted in 286 tri and bipartite combinations, which were subsequently identified within 
combinations comprising each subset.

Figure 3.   Dot plot representing total distance after a 1:1 sample/egg water exposure. Data is shown in the form 
of fold change difference between treatment relative to 100% egg water control against the amount of (a) arsenic 
(µg/L), (b) cadmium (µg/L), (c) lead (µg/L), and (d) uranium (µg/L) present in a given sample. Dashed red line 
represents current EPA maximum contaminant levels in drinking water. Samples that induced significant hyper 
or hypoactivity can be found in Supplemental Table SI, p value < 0.05, ANOVA, n = 24.

https://www.danielsoper.com/statcalc/calculator.aspx?id=4
https://www.danielsoper.com/statcalc/calculator.aspx?id=4
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Results
Metal analysis.  Metal analysis revealed a heterogenous metal composition across the well samples based on 
the 14 chemical panel that was tested. Corresponding concentrations per each metal from each sample can be 
found in the supplemental material (Tables SI, SII).

Given previous data on zebrafish behavioral effects of exposure to As, Pb, Cd, and U (Fig. SIII), first, we 
focused on levels of these metals in our well water samples (Fig. 2). The minimum and maximum As concen-
trations found among the 92 samples were 0 and 717.9 μg/L respectively with a median of 0.52 μg/L. Eight 
samples (487, 490, 501, 514, 515, 895, 950, 1238) exceeded the MCL of 10 μg/L (Table SI). The maximum level 
of Cd was 0.41 μg/L from sample 508, with a minimum of 0 and median of 0.007 μg/L. The maximum level of 
Pb was 20.1 μg/L from sample 907, and was the only sample to exceed the lead MCL of 15 μg/L. The minimum 
concentration was 0.01 μg/L and the median was 0.36 μg/L (Table SI). Uranium concentrations ranged from 0 
to 3274.37 μg/L with a median of 1.0 μg/L. Twelve of the 92 samples exceeded the MCL for uranium of 30 μg/L 
(Table SI), while 21 out of the 92 samples contained either As, Pb, or U exceeding the MCLs. The remaining 77% 
of samples contained levels of As, U, Pb, and Cd considered safe in drinking water (Fig. 2).

Behavioral toxicity: correlations with individual chemical concentrations.  Zebrafish exposed to 
a 1:1 well water sample to egg water solution resulted in altered TD traveled over a 25 min light dark test period 
in 60 of the 92 wells tested. Light dark tests have been used extensively in toxicity studies to estimate behavioral 
effects of contaminant exposure33–35. 31 samples induced a significant decrease in activity and 29 induced a sig-
nificant increase in activity relative to TD traveled of embryos reared in egg water. 32 of the 92 samples showed 
no significant change in TD compared to egg water controls (Table SI).

To examine potential correlations between known behavior toxicants, individual chemical concentrations of 
As, Pb, Cd, and U were plotted against TD as a percent of egg water controls (Fig. 3). Eight out of the 92 samples 
tested contained As above the MCL of 10 μg/L, five of which (11.2, 11.7, 13.7, 14.9 and 25.0 μg/L,) were associated 
with samples that induced hyperactivity (Fig. 3a). Sample 187, with the highest concentration of As, at 717.9 μg/L 
did not significantly change TD traveled compared to controls. Additionally, from 10 of the samples containing 
arsenic levels between 5 -10 μg/L, four were associated with hyperactivity. Low-levels of As in the remaining 
samples associated with hyperactivity ranged from 0.05 to 2.7 μg/L, the highest concentration of As in all 33 
samples associated with hypoactivity was 59.4 μg/L. All other samples associated with hypoactivity contained a 
range of As from 0 to 7.4 μg/L (Fig. 3a, Table SI).

Cadmium was low among all samples regardless of the associated activity level. The maximum concentra-
tion of Cd detected was 0.41 μg/L and was associated with a sample that produced hypoactivity. Well water 
samples with Cd ranging from 0.14 to 0.28 μg/L, aside from one sample that produced control-like behavior 
at 0.24 μg/L, were associated with hypoactivity, suggesting a potential connection between Cd exposure and 
decreased behavior (Fig. 3b).

One well sample contained Pb over the MCL (20.1 μg/L). Including this sample, a total of ten samples con-
tained Pb over 5 μg/L, and seven were associated with hypoactivity (Fig. 3C). The remaining 24 samples associ-
ated with hypoactivity had a range of 0.03–4.75 μg/L Pb. The largest concentration of Pb found in those samples 
producing hyperactivity was 9.6 μg/L with a range of 0.01–1.8 μg/L for the remaining (Table SI).

Presence of U in the drinking water was also associated with behavioral effects (Fig. 3d). Thirteen 
(30.42–3274.4 μg/L) of the samples exceeded the MCL for U of 30 μg/L, and five (30.42–629.4 μg/L) were 
associated with hypoactivity in zebrafish. The highest concentration of U was found in a sample associated with 
hyperactivity at 3274.4 μg/L along with 4 other samples containing concentrations over the MCL (31.1, 41.5, 
52.5, and 3274.3 μg/L). Control-like behavior also contained 4 samples exceeding the MCL (30.4, 42.6, 69.1, 
and 81.0 μg/L). 16 samples contained U over 5 μg/L, these included 4 producing hypoactivity (5.6–15.4 μg/L), 7 
producing hyperactivity (5.5–13.6 μg/L), and 5 producing control-like behavior (5.6–26.3 μg/L). The remaining 
concentrations among all 3 activity levels collectively ranged from 0.01 to 4.9 μg/L (Table SI).

Overall, individual As, Pb, Cd, and U metal levels did not explain behavioral effects detected following expo-
sure to a given well water sample, suggesting a potential role for interactive effects of multiple metals.

Behavioral toxicity: correlations accounting for metal mixture effects.  Principal component 
analysis was used to extrapolate a total of 3,982 principal component pairs derived from 4016 chemical combi-
nations as inputs (the statistical software was unable to calculate PC pairs from 34 combinations). Behavioral 
activity was overlayed on top of principal components to determine if activity level clustered based upon what 
chemicals and their corresponding concentrations were present in the water samples. Examples of PCA derived 
scatter plots from a combination of Cr, Mn, Fe, Se, Cd, Sb, Ba, Pb, & U and Fe, Ni, Cu, Se, Pb, & U, that resulted 
in significant clustering between control-like and hypoactive and control-like and hyperactive behavior respec-
tively, are provided in Fig.  4a. A subset of 2,777, out of the 3,982 tested, metal mixtures resulted in distinct 
clusters of samples that produced control-like behavior and hypoactivity. Metals that appeared the most within 
the 2,777 combinations included Pb (67%), Ni (64%), Cu (59%), and Cd (54%) (Fig. 4b). A second subset of 193 
metal combinations, resulted in distinct clusters of samples that produced control-like behavior and hyperactiv-
ity. Ba, Cd, U, and Cu were present in 49%, 48%, 45%, and 42% of the 193 combinations, respectively (Fig. 4b).

Bipartite and tripartite combinations, containing either 2 or 3 metals, (286 total combinations) were also 
checked for frequency among the subsets of metal combinations that resulted in significant clustering between 
control-like samples and those that produced hypo or hyperactivity. The top bipartite combination for both 
activity trends was Sb and U which was present in 49% of hypoactive and 45% for hyperactive associated subsets 
(Fig. 4c). Six of the top 15 bipartite and tripartite combinations associated with hyperactivity contained Cd, and 
10 of the 15 associated with hypoactivity contained Pb (Fig. 4c).
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Samples associated with hypoactivity and control-like behaviors had a significant increase in % mortality 
(20%, 17%) and hatching inhibition (35%, 10%) at 5 dpf relative to egg water controls (1.7%, 0%, Fig. 5a,b). There 
was no significant difference in mortality and hatching inhibition in those samples associated with hyperactivity 
(4.6%, 1.2%) compared to egg water controls (Figs. 2, 5a,b).

Discussion
In this study, we present a zebrafish-based toxicity analysis in determining behavioral effects of exposure to metal 
mixtures in the drinking water. The study was significantly enhanced by utilizing a citizen science approach that 
enabled collection of a large set of well water samples from families in Maine and New Hampshire. Teachers 
and students involved in this study gained knowledge in the following areas: health risks due to metal exposure, 
methods for sampling well water, submitting metadata associated with the well water sample, analyzing the data 
using a data literacy software called Tuva, and public outreach about the well water results. In this way, we are 
sharing knowledge and preparing future citizens so that they may generate community awareness around water 
quality and demand better water quality monitoring standards.

This approach increased our likelihood of obtaining an increased number of well water samples across Maine 
and New Hampshire, while engaging local teachers and students to discuss the importance of clean drinking 
water. With our set of 92 samples, we show that although samples may be considered safe with most chemicals 
at concentrations below the MCLs, there are still potential adverse behavioral impacts. These results were shared 
with teachers in an annual training workshop. We developed an analogy-based video on PCA analysis for teach-
ers and engaged them in an interactive discussion of our research results.

The results of our study demonstrate that adverse biological outcomes of environmental exposures, such as 
the behavioral effects detected in the current study, can result from exposure to multiple chemicals, even when 

Figure 4.   (a) Examples of principal component analysis (PCA) derived scatter plots that show significant 
clustering between control-like and hypoactive and control-like and hyperactive behaviors from metal 
combination inputs of Cr, Mn, Fe, Se, Cd, Sb, Ba, Pb, & U (combination 162) and Fe, Ni, Cu, Se, Pb, & U 
(combination 3921) respectively. (b) Dot plot representing the percent prevalence of a given metal in mixtures 
that resulted in significant clustering between control-like and hyperactive (red) as well as control-like and 
hypoactive (blue) behavior. (c) Bar graphs representing the top 15 combinations of two or three metals within 
mixture subsets that resulted in significant clustering between control-like and hypoactive and control-like and 
hyperactive behavior. Clusters were created via PCA and an F-statistic was calculated to determine significance, 
p value < 0.005.
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individual chemicals are at low to moderate levels. Additionally, a subset of samples do not have an impact on 
behavior, as seen in our control-like group, which may be due to opposing modes of action of metal contami-
nants and further highlights the role of mixture and concentration specific effects36. Our results are consistent 
with other emerging studies, including in zebrafish, which show chemical mixture effects on development as 
well as behavior37,38.

Our cluster analysis supports the hypothesis that a single chemical is not driving the changes in zebrafish 
activity levels, but rather a result of a mixture effect (Fig. 4). By utilizing PCA we demonstrate that distinct clusters 
of samples that are associated with hypo or hyperactivity still occur, regardless if the metals within the mixtures 
exceed the MCL. Interestingly, Cd is in the top four metals that are present within both hypo and hyperactive 
clusters when compared to control-like behavior. In these instances, Cd concentrations remain well below the 
MCL of 5 ppb (Fig. 4b). Cd has been shown to be toxic when in mixture; for example, in C. elegans toxicity 
increased when exposed to Cd and Cu in tandem39. Although concentrations of Cd are lower than the MCL in 
our well water samples, Cd is in 7/15 of the top bipartite and tripartite combinations present in the subset of 
metal combinations associated with distinct hyperactive clustering, one of which is Cd and Cu (Fig. 4c).

Along with Cd, Pb was found to be present in 67% of the subset of mixtures that resulted in significantly 
different clusters between hypoactive and control-like behavior (Fig. 4b). Lead was also present in 10/15 most 
prevalent bipartite and tripartite combinations associated with distinct hypoactive clustering (Fig. 4c). However, 
both epidemiological and rodent studies suggest that Pb is more likely to cause hyperactivity at levels of 14.3 μg/L 
in cord blood and 50 mg/L in drinking water40,41. Interestingly, a study subjecting maternal zebrafish to 20 μg/L 
Pb found that larval offspring in the next generation also showed hyperactivity relative to controls. However, 
when the maternal generation was exposed to a mixture of 20 μg/L Pb and 5 μg/L crude oil, TD traveled by larval 
offspring significantly decreased42, suggesting that transgenerational behavioral effects of Pb are mixture specific. 
The concentrations examined in these studies are higher than what was detected in Maine and New Hampshire 
well water, suggesting that possible interactions with other metals and potential chemicals in the water sample 
can alter zebrafish behavior.

Uranium was also present in the top four metals that appear in 45% of the subset of mixtures that resulted 
in significantly different clusters between hyperactive samples verses control-like (Fig. 4b). Uranium, in com-
bination with antimony, is the most prevalent bipartite combination among both hyperactive and hypoactive 
associated mixture subsets. It is also present in 7/15 top bipartite and tripartite combinations present in the 
subset of mixtures responsible for hyperactive clustering (Fig. 4c). Specifically, in the zebrafish model, U at 
concentrations of 20 and 250 μg/L has been found to significantly delay hatching as well as decrease larval body 
length compared to controls43. In addition, U exposure at 100 μg/L has been linked to muscle tissue disruption 
in adult zebrafish in the form of degenerated myofibrils and abnormal mitochondrial localization44. A 10 day U 
exposure at 250 μg/L has also been shown to damage adult male zebrafish sensory organs, specifically the lateral 

Figure 5.   Box plot representing (a) % mortality and (b) % hatching inhibition at 5dpf after a 1:1 sample/egg 
water exposure relative to 100% egg water control. Data is plotted based upon samples that significantly induced 
hypoactivity, hyperactivity, or no significance from egg water controls. Additional information regarding specific 
samples that induced significant hyper or hypoactivity can be found in Table S1, p value < 0.05, ANOVA, n = 24.
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line and olfactory systems45. Although more studies are needed on the impacts of U on development along with 
behavioral consequences, these data from previous studies may explain the changes in activity associated with 
U seen in this study.

Arsenic, which is a relevant metal of concern in New England, did not show any obvious trends regard-
ing concentration or presence in samples associated with hyperactivity, hypoactivity, or control-like behavior 
(Fig. 3a). However, when determining prevalence in mixtures accounting for distinct clusters, As was present in 
50% and 38% of mixtures associated with hypo and hyperactivity respectively. It was also higher in prevalence 
over 5 (Mn, Se, Sb, Ba, U) and 7 (Mn, Fe, Ni, Se, Sb, Pb) other metals in the panel for hypo and hyperactivity 
associated mixture subsets. Arsenic that was present in mixtures was found at low levels, with the majority of 
concentrations below the MCL of 10 ppb. These data, in combination with previous epidemiological and model 
organism studies, emphasizes the need to address the potential toxicity of low levels of As, both individually 
and in mixture, especially in the contexts of drinking water. For example, it was found that women who have 
had trouble conceiving in the past, that were exposed to As at 1 μg/L in their drinking water had a significant 
decrease in likelihoods for pregnancy46. Another study showed that a median of 1.2 μg/L As in maternal drinking 
water correlated with decreased birth weight in smaller infants47. Further, it was found that zebrafish exposed 
to environmentally relevant levels of As (50 and 500 ppb) caused a more severe change in activity when in a 
zinc-deficient mixture compared to those supplemented with zinc, suggesting that As mediated toxicity is highly 
dependent upon the presence or absence of other chemicals21. Given that we show As is an important factor in 
mixture toxicity, even at levels ranging from 0.03 to 5.1 μg/L, low levels of As, between 1 and 5 μg/L, should be 
considered when determining water quality standards.

It should also be observed that the prevalence of some metals, in the subsets of mixtures resulting in distinct 
hypo or hyperactive clusters, change dramatically based upon activity level. For example, Cr is seen in 52% of 
mixtures associated with hypoactivity and 1% of mixtures associated with hyperactivity. Pb and Ni are also found 
in many of the mixtures associated with hypoactivity (67% and 64%) compared to hyperactivity (26% and 26%). 
This supports the notion that biological endpoints are highly sensitive to metal mixtures and their correspond-
ing concentrations and that the mechanism of action can potentially change given what is present in a mixture.

Further, there is a clear link between activity, mortality, and hatching inhibition at 5 dpf. Mortality, as well as 
hatching inhibition, after exposure to samples that induced hypoactivity significantly increased compared to egg 
water controls and those samples that resulted in hyperactivity (Fig. 5). This phenotypic response is indicative 
that other developmental consequences may be occurring in response to mixture exposure besides neurobehav-
ioral effects. Additionally, changes in phenotype may be contributing to changes seen in behavior48. Broadly, our 
findings indicate a necessity to consider potential developmental impacts of all metal contaminants in drinking 
water supplies, even at levels considered safe for human consumption.

The zebrafish has been used to test toxicity of many environmental contaminants, such as As and U, during 
early development49–51. It has also been a model, alongside rodent species, for evaluating neurotoxic effects and 
later in life consequences of heavy metals52,53. While zebrafish are established as a relevant toxicological model 
49–52, certain parameters such as exposure time and route of exposure during embryogenesis are variable com-
pared to human fetal exposure54 and should be taken into consideration when drawing conclusions. Nonetheless, 
we believe data collected using the zebrafish model is highly informative and research combining water chemistry 
and epidemiological studies followed with multivariate analyses, such as described here, can provide key insights 
into adverse health outcomes of chemical mixture exposure.

Through complementing water analyses with behavioral outcomes we have shown here that chemicals such 
as As, Cd, Pb, and U, even at low-levels, should be taken into special consideration when evaluating results 
from regular water testing. More importantly, we emphasize that other metals that are not typically associated 
with adverse effects (e.g., Ni and Sb) should be considered in risk assessment when in mixture with chemicals 
such as Pb and U. Determining safe levels of these chemicals as well as potential mixture effects warrant further 
study and should be examined when implementing federal regulations. Our study has merged citizen science 
and toxicology research lending itself to the development of improved testing and assessment methodologies, 
and to better inform households in Maine and New Hampshire, as well as policy makers, of their local quality of 
water. Through our synergistic efforts with local schools, we are able to inform teachers and students about new 
ways to assess water quality and generate engaging and in-depth discussion on chemical mixture effects through 
fish behavior visualizations following well water exposure.

Data availability
The water chemistry datasets generated during and/or analyzed during the current study are available in the 
Supplemental Material Tables S1 and S2. Additional behavioral data generated during and/or analyzed during 
the current study are available from the corresponding author on reasonable request.

Received: 12 January 2021; Accepted: 30 July 2021

References
	 1.	 Smith, A. et al. Assessing arsenic exposure in households using bottled water or point-of-use treatment systems to mitigate well 

water contamination. Sci. Total Environ. 544, 701–710 (2016).
	 2.	 Ayotte, J., Medalie, L., Qi, S., Backer, L. & Nolan, T. Estimating the high-arsenic domestic-well population in the conterminous 

United States. Environ. Sci. Technol. 51(21), 12443–12454 (2017).
	 3.	 Andy, C. et al. Assessing models of arsenic occurrence in drinking water from bedrock aquifers in New Hampshire. J. Contemp. 

Water Res. Educ. 160(1), 25–41 (2017).



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:17303  | https://doi.org/10.1038/s41598-021-96244-4

www.nature.com/scientificreports/

	 4.	 Yang, Q. et al. Spatial pattern of groundwater arsenic occurrence and association with bedrock geology in greater Augusta, Maine, 
USA. Environ. Sci. Technol. 43(8), 2714–2719 (2009).

	 5.	 Möller, T., Sylvester, P., Shepard, D. & Morassi, E. Arsenic in groundwater in New England—Point-of-entry and point-of-use 
treatment of private wells. Desalination 243, 293–304 (2009).

	 6.	 Baris, D. et al. Elevated bladder cancer in northern New England: the role of drinking water and arsenic. JNCI 108(9), djw099 
(2016).

	 7.	 Bondu, R., Cloutier, V., Rosa, E. & Benzaazoua, M. Mobility and speciation of geogenic arsenic in bedrock groundwater from the 
Canadian Shield in western Quebec, Canada. Sci. Total Environ. 574, 509–519 (2017).

	 8.	 Steinmaus, C. et al. Increased lung and bladder cancer incidence in adults after in utero and early-life arsenic exposure. Cancer 
Epidemiol. Biomark. Prev. 23(8), 1529–1538 (2014).

	 9.	 Hong, Y. S., Song, K. H. & Chung, J. Y. Health effects of chronic arsenic exposure. J. Prev. Med. Public Health 47(5), 245–252 (2014).
	10.	 Abdul, K., Jayasinghe, S., Chandana, E., Jayasumana, C. & De Silva, M. Arsenic and human health effects: A review. Environ. 

Toxicol. Pharmacol. 40, 828–846 (2015).
	11.	 Tyler, C. & Allan, A. The effects of arsenic exposure on neurological and cognitive dysfunction in human and rodent studies: A 

review. Curr. Environ. Health Rep. 1, 132–147 (2014).
	12.	 Shih, Y. et al. Associations between prenatal arsenic exposure with adverse pregnancy outcome and child mortality. Environ. Res. 

158, 456–461 (2017).
	13.	 Wasserman, G. et al. A cross-sectional study of water arsenic exposure and intellectual function in adolescence in Araihazar, 

Bangladesh. Environ. Int. 118, 304–313 (2018).
	14.	 Stanton, B. et al. MDI Biological Laboratory arsenic summit: Approaches to limiting human exposure to arsenic. Curr. Environ. 

Health Rep. 2, 329–337 (2015).
	15.	 Nielson, M., Lombard, P. & Schalk, L. Assessment of arsenic concentrations in domestic well water, by town, in Maine, 2005–09. 

USGS Scientific Investigations Report 2010–5199 (2010).
	16.	 Wasserman, G. et al. A cross-sectional study of well water arsenic and child IQ in Maine schoolchildren. Environ. Health 13(23), 

1–10 (2014).
	17.	 Chowdhury, S., Mazumder, J., Al-Attas, O. & Husain, T. Heavy metals in drinking water: Occurrences, implications, and future 

needs in developing countries. Sci. Total Environ. 569–570, 476–478 (2016).
	18.	 Hou, S. et al. A clinical study of the effects of lead poisoning on the intelligence and neurobehavioral abilities of children. Theor. 

Biol. Med. Model. 10(13), 1–9 (2013).
	19.	 Kippler, M. et al. Early-life cadmium exposure and child development in 5-year-old girls and boys: A cohort study in rural Bang-

ladesh. EHP 120(10), 1462–1468 (2012).
	20.	 Dinocourt, C., Legrand, M., Dublineau, I. & Lestaevel, P. The neurotoxicology of uranium. Toxicology 337, 58–71. https://​doi.​org/​

10.​1016/j.​tox.​2015.​08.​004 (2015).
	21.	 Beaver, L. et al. Combinatorial effects of zinc deficiency and arsenic exposure on zebrafish (Danio rerio) development. PLoS ONE 

12(8), e0183831 (2017).
	22.	 Ramsey, K., Larcombe, A., Sly, P. & Zosky, G. In utero exposure to low dose arsenic via drinking water impairs early life lung 

mechanics in mice. BMC Pharmacol. Toxicol. 14(13), 1–9 (2013).
	23.	 Cobbina, S. et al. A multivariate assessment of innate immune-related gene expressions due to exposure to low concentration 

individual and mixtures of four kinds of heavy metals on zebrafish (Danio rerio) embryos. Fish Shellfish Immunol. 47(2), 1032–1042 
(2015).

	24.	 Flanagan, S. V., Marvinney, R. G. & Zheng, Y. Influences on domestic well water testing behavior in a Central Maine area with 
frequent groundwater arsenic occurrence. Sci. Total Environ. 505, 1274–1281 (2015).

	25.	 Zheng, Y. & Flanagan, S. The case for universal screening of private well water quality in the U.S. and testing requirements to 
achieve it: Evidence from arsenic. EHP 508, 085002 (2017).

	26.	 Flanagan, S. V., Marvinney, R. G., Johnston, R. A., Yang, Q. & Zheng, Y. Dissemination of well water arsenic results to homeowners 
in Central Maine: Influences on mitigation behavior and continued risks for exposure. Sci. Total Environ. 505, 1282–1290 (2015).

	27.	 Selderslaghs, I., Hooyberghs, J., Blust, R. & Witters, H. Assessment of the developmental neurotoxicity of compounds by measuring 
locomotor activity in zebrafish embryos and larvae. Neurotoxicol. Teratol. 37, 44–56 (2013).

	28.	 Nishimura, Y. et al. Zebrafish as a systems toxicology model for developmental neurotoxicity testing. Congenit. Anom. (Kyoto) 
55(1), 1–16 (2015).

	29.	 Ogungbemi, A., Leuthold, D., Scholz, S. & Küster, E. Hypo- or hyperactivity of zebrafish embryos provoked by neuroactive sub-
stances: a review on how experimental parameters impact the predictability of behavior changes. Environ. Sci. Eur. 31(88), 1–26 
(2019).

	30.	 Babich, R. et al. Kidney developmental effects of metal-herbicide mixtures: Implications for chronic kidney disease of unknown 
etiology. Environ. Int. 144, 106019 (2020).

	31.	 Wang, X., Rathinasabapathia, B., Oliveira, M., Guilherme, L. & Ma, L. Bacteria-mediated arsenic oxidation and reduction in the 
growth media of arsenic hyperaccumulator pteris vittata. Environ. Sci. Technol. 46(20), 11259–11266 (2012).

	32.	 Goodpaster, A. M. & Kennedy, M. A. Quantification and statistical significance analysis of group separation in NMR-based meta-
bonomics studies. Chemometr. Intell. Lab. Syst. 109(2), 162–170 (2011).

	33.	 Bailey, J., Oliveri, A. & Levin, E. Zebrafish model systems for developmental neurobehavioral toxicology. Birth Defects Res. Part 
C. 99(1), 14–23 (2013).

	34.	 Pitt, J. et al. Uptake, tissue distribution, and toxicity of polystyrene nanoparticles in developing zebrafish (Danio rerio). Aquat. 
Toxicol. 194, 185–194 (2018).

	35.	 Basnet, R., Zizioli, D., Taweedet, S., Finazzi, D. & Memo, M. Zebrafish larvae as a behavioral model in neuropharmacology. Bio-
medicines 7(23), 23 (2019).

	36.	 Ogungbemi, A. et al. Assessing combined effects for mixtures of similar and dissimilar acting neuroactive substances on zebrafish 
embryo movement. Toxics 9(5), 104 (2021).

	37.	 Valeri, L. et al. The joint effect of prenatal exposure to metal mixtures on neurodevelopmental outcomes at 20–40 months of age: 
Evidence from rural Bangladesh. EHP 125(6), 067015 (2017).

	38.	 Jijie, R., Solcan, G., Nicoara, M., Micu, D. & Strungaru, S. Antagonistic effects in zebrafish (Danio rerio) behavior and oxidative 
stress induced by toxic metals and deltamethrin acute exposure. Sci. Total Environ. 698, 134299 (2020).

	39.	 Moyson, S., Vissenberg, K., Fransen, E., Blust, R. & Husson, S. J. Mixture effects of copper, cadmium, and zinc on mortality and 
behavior of Caenorhabditis elegans. Environ. Toxicol. Chem. 37(1), 154–159 (2017).

	40.	 Sioen, I. et al. Prenatal exposure to environmental contaminants and behavioural problems at age 7–8 years. Environ. Int. 59, 
225–231 (2013).

	41.	 Mansouri, M., Naghizadeh, B., López-Larrubia, P. & Cauli, O. Gender-dependent behavioural impairment and brain metabolites 
in young adult rats after short term exposure to lead acetate. Toxicol. Lett. 210, 15–23 (2012).

	42.	 Wang, Y. et al. Maternal exposure to the water soluble fraction of crude oil, lead and their mixture induces autism-like behavioral 
deficits in zebrafish (Danio rerio) larvae. Ecotoxicol. Environ. Saf. 134, 23–30 (2016).

	43.	 Bourrachot, S., Simon, O. & Gilbin, R. The effects of waterborne uranium on the hatching success, development, and survival of 
early life stages of zebrafish (Danio rerio). Aquat. Toxicol. 90, 22–36 (2008).

https://doi.org/10.1016/j.tox.2015.08.004
https://doi.org/10.1016/j.tox.2015.08.004


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:17303  | https://doi.org/10.1038/s41598-021-96244-4

www.nature.com/scientificreports/

	44.	 Barillet, S., Larno, V., Floriani, M., Devaux, A. & Adam-Guillermin, C. Ultrastructural effects on gill, muscle, and gonadal tissues 
induced in zebrafish (Danio rerio) by a waterborne uranium exposure. Aquat. Toxicol. 100, 295–302 (2010).

	45.	 Faucher, K., Floriani, M., Gilbin, R. & Adam-Guillerman, C. Uranium-induced sensory alterations in the zebrafish Danio rerio. 
Aquat. Toxicol. 124–125, 94–105 (2012).

	46.	 Susko, M. et al. Low-level arsenic exposure via drinking water consumption and female fecundity—A preliminary investigation. 
Environ. Res. 154, 120–125 (2017).

	47.	 Rahman, M. et al. Investigating causal relation between prenatal arsenic exposure and birthweight: Are smaller infants more 
susceptible?. Environ. Int. 108, 32–40 (2017).

	48.	 Ogungbemi, A. et al. Optimization of the spontaneous tail coiling test for fast assessment of neurotoxic effects in the zebrafish 
embryo using an automated workflow in KNIME®. Neurotoxicol. Teratol. 81, 106921 (2020).

	49.	 Babich, R. & Van Beneden, R. Effect of arsenic exposure on early eye development in zebrafish (Danio rerio). J. Appl. Toxicol. 39(6), 
824–831 (2018).

	50.	 Armant, O. et al. Zebrafish exposure to environmentally relevant concentration of depleted uranium impairs progeny development 
at the molecular and histological levels. PLoS ONE 12(5), e0177932 (2017).

	51.	 Ali, S., Champagne, D. & Richardson, M. Behavioral profiling of zebrafish embryos exposed to a panel of 60 water-soluble com-
pounds. Behav. Brain Res. 228, 272–283 (2012).

	52.	 Sonnack, L. et al. Effects of metal exposure on motor neuron development, neuromasts and the escape response of zebrafish 
embryos. Neurotoxicol. Teratol. 50, 33–42 (2015).

	53.	 Torrente, M., Colomina, T. & Domingo, J. Effects of prenatal exposure to manganese on postnatal development and behavior in 
mice: Influence of maternal restraint. Neurotoxicol. Teratol. 24(2), 219–225 (2002).

	54.	 Bambino, K. & Chu, J. Zebrafish in toxicology and environmental health. Curr. Top. Dev. Biol. 124, 331–367 (2017).

Acknowledgements
We thank the University of Maine zebrafish facility and Mark Nilan for supplying zebrafish embryos for this 
project. We are incredibly grateful to the following schools and teachers, Jon Ramgren and Justin Giroux of 
Waterville HS ME, Lynn Hanna of Conners Emerson ME, Hanna Mondrach of MDI HS ME, Jacob Cockrell 
of Kents Hill HS ME, Janet Holden of Pelham HS NH, Mary Wright of Kearsarge HS NH, Nick Baer of Colby-
Sawyer College NH, and Sarah Hall of College of the Atlantic ME for their time and facilitation of water sample 
collection used in this project. We thank the students of these schools for their participation in water sample 
collection. We also thank NIH/NIGMS Science Education Partnership Awards (SEPA) IR25GM129796-01 and 
3R25GM129796-02S1 for funding this research. This research was supported by the US National Science Foun-
dation One Health and the Environment (OH&E): Convergence of Social and Biological Sciences NRT program 
Grant DGE-1922560.

Author contributions
R.B. completed laboratory experiments and data analysis, wrote the main manuscript text, and prepared Figs. 2, 
3, 4 and 5. E.C. completed data analysis, A.M. completed laboratory experiments and manuscript revision, and 
A.F. prepared Fig. 1. N.J. and J.D. wrote the main manuscript text and all authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​96244-4.

Correspondence and requests for materials should be addressed to R.B. or N.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-96244-4
https://doi.org/10.1038/s41598-021-96244-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Defining drinking water metal contaminant mixture risk by coupling zebrafish behavioral analysis with citizen science
	Methods
	Outreach and sample collection. 
	Water analysis. 
	Toxicity studies. 
	Zebrafish exposure. 
	Behavioral studies. 

	Statistical analysis. 

	Results
	Metal analysis. 
	Behavioral toxicity: correlations with individual chemical concentrations. 
	Behavioral toxicity: correlations accounting for metal mixture effects. 

	Discussion
	References
	Acknowledgements


