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1  | INTRODUC TION

Hundreds of millions of individuals worldwide consume drinking water 
that has high levels of chemical contaminants, including lead, arsenic, 
and nitrate (Fujino et al., 2004; Nordstrom, 2002; Skerfving, Löfmark, 
Lundh, Mikoczy, & Strömberg, 2015). Recent water crises in the United 
States, including widespread lead poisoning in Flint, Michigan (Hanna‐
Attisha, LaChance, Sadler, & Champney Schnepp, 2016), have spurred 
public interest in assessing the adverse effects of poor water quality. 
Indeed, in 2015 alone, nearly 21 million Americans were served by 
community water systems that violated quality standards (Allair, Wu, 
& Lall, 2018); importantly, however, insidious effects of exposure can 
occur even at levels of contaminants that fall within accepted guide‐
lines (Taylor, Schniering, Lanphear, & Jones, 2010).

Drinking contaminated water has been linked to problems in 
nearly all organs and systems in the body (Brinkle, Khan, & Kraemer, 

2009). For example, arsenic exposure is associated with a variety of 
cancers (Zierold, Knobeloch, & Anderson, 2004), lead exposure is 
related to intellectual impairments, and nitrate exposure is linked to 
fetal loss and birth defects even at levels well below regulation cut‐
offs (Manassaram, Backer, & Moll, 2005). While these associations 
of water contamination with physical health are well‐documented, a 
growing body of research suggests that exposure to these contami‐
nants also adversely affects mental health.

To date, most research examining the relation between water con‐
tamination and symptoms of difficulties in mental health has focused 
on associations between lead exposure and subsequent Attention 
Deficit and Hyperactivity Disorder (ADHD); investigators in this area 
have found that both pre‐ and post‐natal exposure to lead predict 
elevated risk for symptoms of ADHD (Goodlad, Marcus, & Fulton, 
2013; Neugebauer et al., 2015; Tuthill, 1996). It is not yet known, 
however, whether water contaminants also predict depression—one 
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Contaminants in drinking water, such as lead, nitrate, and arsenic, have been linked 
to negative physical health outcomes. We know less, however, about whether such 
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of the most common types of mental illness and the leading cause 
of years lost to disability worldwide (World Health Organization, 
2009). Importantly, there is some empirical support for this pos‐
sibility. In rodent models, exposure to arsenic during gestation or 
early life has been found to be related to subsequent depressive‐like 
processes, including alterations in patterns of hypothalamic–pitu‐
itary–adrenal (HPA)–axis and dopamine function (Chadravanshi et 
al., 2014; Martinez, Kolb, Bell, Savage, & Allan, 2008); moreover, 
these difficulties are attenuated with antidepressant treatment 
(Tyler, Solomon, Ulibarri, & Allan, 2014). Similarly, cross‐sectional re‐
search in humans has documented a stronger history of depression 
in adults who were exposed to arsenic‐contaminated drinking water 
in the United States (Zierold et al., 2004), and a higher incidence of 
psychiatric symptoms in residents of a Mongolian village with arse‐
nic‐contaminated water than in individuals in a nearby arsenic‐free 
village (Fujino et al., 2004). Additionally, higher levels of patella bone 
lead in elderly men is associated with elevated psychiatric symptoms 
(Rhodes, Spiro, Aro, & Hu, 2003). Finally, adults with depression 
have higher levels of plasma nitrate than do matched participants 
without depression (García et al., 2011), although it is not clear that 
these nitrate levels are from sources exogenous to the participants.

Although a specific biological cascade for associations between 
water contaminants and depressive symptoms is not yet known (and 
almost certainly varies by contaminant), one plausible pathway may 
be through effects on immune system processes. For example, lead, 
arsenic, and nitrate all affect inflammatory processes by contributing 
to higher levels of proinflammatory cytokines (Ahmed et al., 2011), 
through shifts between Th 1 and Th 2 cytokine responses (Usyugova, 
Zeman, Dhanwada, & Beltz, 2002), and by promoting autoimmune 
disease processes (Mishra, 2009). Significantly, these same inflam‐
matory processes are implicated in depression. For example, indi‐
viduals with chronic inflammatory diseases experience depression 
at much higher rates than do individuals with non‐inflammatory 
diseases (Katon et al., 2007); moreover, levels of proinflammatory 
cytokines are robustly positively associated with depressive symp‐
toms in children, adolescents, and adults (e.g., Dowlati et al., 2010). 
In these ways, it is possible that contaminants in water contribute to 
a proinflammatory milieu that fosters depressive symptoms.

Researchers have not yet examined the temporal nature of 
the association between exposure to water contaminants and de‐
pressive symptoms. Given that the incidence of Major Depressive 
Disorder (MDD) rises precipitously during adolescence (Lewinsohn, 
Rohde, Seeley, Klein, & Gotlib, 2000; Twenge & Nolen‐Hoeksema, 
2002) and that toxic effects of water contaminants on physical 
health appear to be magnified when exposure occurs during youth 
(Taylor et al., 2010; Tolins, Rachirawat, & Landrigan, 2014), exam‐
ining associations between water contaminants and symptoms of 
MDD in adolescents will be particularly important both in capturing 
the directional nature of these associations and in examining associ‐
ations during a developmental period in which there may be greater 
sensitivity to environmental inputs.

Although it is possible that exposure to water contaminants 
alone will increase adolescents’ risk for depressive symptoms, the 

multicausality of pediatric depressive symptoms makes it likely that 
such physical exposures will interact with other salient risk pro‐
cesses in this population. Indeed, Trentacosta, Davis‐Kean, Mitchell, 
Hyde, and Dolinoy (2016) have called for further work into the fac‐
tors that moderate associations between environmental contami‐
nants and child developmental outcomes. In this context, the climate 
of family relationships, such as the degree of psychological control 
parents exert over adolescents, is a characteristic of the environ‐
ment that has been implicated consistently in the onset and main‐
tenance of depression in youth. Here, psychological control, which 
reflects parents’ erratic emotional behaviors, guilt induction, love‐
withdrawal, or personal attacks directed toward their child, may be 
a particularly aversive parenting dimension during the adolescent 
period, given that this developmental stage is typically characterized 
by increasing autonomy (Barber, 1996). In these ways, psychologi‐
cal control and other dimensions of relationships with parents have 
been found both to contribute directly to (Yap, Pilkinton, Ryan, & 
Jorm, 2013) and to moderate depressive symptoms, either by inten‐
sifying (Feinberg, Button, Neiderhiser, Reiss, & Hetherington, 2007) 
or by buffering (Manczak, Donenberg, & Emerson, 2018) other risk 
processes. Furthermore, social environments are increasingly being 
recognized as moderating the effects of exposure to different en‐
vironments on physical health outcomes in youth. For example, in 
several studies, negative social environments have been found to 
interact with levels of environmental pollutants to predict childhood 
asthma (Chen, Schreier, Strunk, & Brauer, 2008), including creating 
a “double exposure” whereby negative social environments intensify 
the effects of air pollution on asthma (Clougherty et al., 2007). One 
study has now documented similar patterns for mental health; the 
effects of exposure to lead on symptoms of ADHD in children was 
moderated by family composition, such that lead increased symptom 
risk to a greater extent in children from single‐parent families than 
in children from two‐parent families (Choi, Kwon, Lim, Lim, & Ha, 

Research Highlights

• Findings indicate that chemical contaminants in drinking 
water are associated with increased risk for depressive 
symptoms in adolescents in a major US metropolitan 
area.

• In addition to a composite of 13 chemicals, levels of lead, 
nitrate, and arsenic in water each related to increased 
depressive symptoms over 2 years.

• Psychologically controlling family environments mod‐
erated the association between several contaminants 
and depressive symptoms, in line with a “double hit” risk 
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• This study is the first to identify prospective associations 
between water contaminants and depressive symptoms 
and to elucidate interactions of contaminants with fam‐
ily characteristics.



     |  3 of 11MANCZAK et Al.

2016). (It is worth noting, as well, that aversive parental relationships 
promote the same proinflammatory processes that are theorized to 
underlie associations between contaminants and depressive symp‐
toms; e.g., Miller & Chen, 2010.)

Given these findings, we examined in this study whether con‐
taminants in drinking water, alone or in interaction with negative 
family environments, predicted the subsequent development of de‐
pressive symptoms in youth. Using publicly available data on com‐
munity water system quality, we tested whether water contaminants 
interacted with parental psychological control to predict changes in 
depressive symptoms over a 2‐year period. We hypothesized that, 
above and beyond the contributions of demographic, community‐
level, and stress‐exposure characteristics, adolescents from more 
negative family environments who were also exposed to higher lev‐
els of water contaminants, broadly, and to lead, arsenic, and nitrate, 
specifically, would show the steepest increase in depressive symp‐
toms over a 2‐year period.

2  | METHODS AND MATERIAL S

2.1 | Study overview

As part of a larger study of early life stress and adolescent depression, 
English‐speaking adolescents in the early stages of puberty (Tanner 
Stage 3 or below, as rated by self‐report; Morris & Udry, 1980) in 
the San Francisco Bay Area were recruited through advertisements 
on Craigslist and parent listservs. During a baseline assessment, 
participants completed an interview about life stress, reported on 
parental psychological control in their primary caregiver, and com‐
pleted a questionnaire about their current depressive symptoms. 
Approximately, 2 years later (when adolescents were 11–15 years 
old), participants returned to the laboratory and reported on their 
depressive symptoms. Using publicly available community water 
system reports compiled by the California Environmental Protection 
Agency (CalEPA), we mapped participants’ home addresses to infor‐
mation on average water quality per census tract from the most re‐
cent compliance cycle, which spanned the years 2005–2013. Census 
tract designations—used for determining water quality—utilized par‐
ticipants’ mailing addresses obtained at the follow‐up visit.

2.2 | Participants

Only participants with complete data for primary analyses were in‐
cluded in the current study. Two hundred and thirteen adolescents 
(ages 9–13) were enrolled at baseline, however, 48 participants did 
not complete the parental psychological control measure (primarily 
because this measure was added after data collection had already 
started), 42 did not return for the follow‐up session or did not com‐
plete the depressive symptom measure at follow‐up, and 13 did not 
provide key demographic variable or baseline information; these 
participants were excluded from the current sample. Participants 
with full data were significantly more likely to be male (51% vs. 35%; 
t = 2.37, p = 0.019) and to have fewer stressful life events (2.41 vs. 

3.20; t = 2.19, p = 0.030) compared to those with missing data; oth‐
erwise, there were no statistically significant differences between 
participants with full data and those with missing data.

The final sample was composed of 54 girls and 56 boys. Racial 
and ethnic composition reflected the local community: 68% of fam‐
ilies identified as White, 8% identified as Black or African American, 
9% identified as Hispanic, 28% identified as Asian American, and 
4% identified as Native American, and 5% Native Hawaiian/Pacific 
Islander (participants were able to endorse multiple identifications). 
The overwhelming majority of participants (95%) referenced their 
mother as their primary caregiver. Seventy‐six percent of partic‐
ipating caregivers were married or partnered, 16% were divorced, 
and 7% were single; only two families reported that a second pa‐
rental figure was not involved in the adolescent's life. Family income 
ranged from less than $5,000 to more than $150,0000; average in‐
come was in the $75,000–$100,000 range.

Participation of human subjects in this study was approved and 
overseen by the Stanford University Institutional Review Board. At 
each time point, written informed consent was obtained from the 
adolescent's parent and written informed assent was obtained from 
the adolescent.

2.3 | Measures

2.3.1 | Water quality

Contamination in drinking water was assessed using data compiled 
by the CalEPA (“Cal Enviro Screen”; OEHHA, 2017). Thirteen con‐
taminants (1,2,3‐trichloropropane; arsenic; cadmium; dibromo‐
chloropropane; hexavalent chromium; lead; nitrate; perchlorate; 
combined radium 226 and 228; total trihalomethanes; tetrachlo‐
roethylene; trichloroethylene; and uranium) were assessed within 
each drinking water system within the state of California over the 
2005–2013 compliance cycle. Levels that fell below the detection 
limit for each contaminant were assigned a 0. Time‐weighted aver‐
age concentrations of each contaminant were calculated per system, 
which were mapped onto census tracts. Tracts were then ranked 
and weighted by population to obtain a percentile for each contami‐
nant per tract. The composite water contamination metric was com‐
puted by summing the percentiles for the 13 contaminants and then 
re‐ranking tracts for a composite percentile ranking. Participants’ 
home mailing addresses were used to determine their census tract 
and water quality values; for one family who provided a post office 
box for their mailing address, the census tract for their PO box was 
used. Participants in our sample accessed drinking water from sys‐
tems that ranged from the 1st to the 95th percentile of average con‐
taminant exposure in the state of California (M = 32.35, SD = 23.52). 
We examined percentile rankings separately for lead, nitrate, and 
arsenic, as we hypothesized that these contaminants would drive as‐
sociations with depressive symptoms. No families were above the 
EPA's Maximum Contaminant Level cutoff of 15 ug/L lead nor above 
the cutoff of 10 ug/L for arsenic; however, 20 families (18.2% of the 
sample) were above the cutoff of 10 mg/L for nitrate in water.



4 of 11  |     MANCZAK et Al.

2.3.2 | Parental psychological control

The extent to which parents engage in erratic emotional behaviors, 
guilt induction, love‐withdrawal, or personal attacks directed to‐
ward their child was assessed using 11 items from the Psychological 
Control Scale (Barber, 1996), rated on a scale from 1 (“almost never”) 
to 5 (“very often”). Sample items include “my parent is less friendly 
with me when I do not see things her/his way,” and “my parent tells 
me I should be ashamed of myself when I misbehave” (a = 0.74, 
current sample). This set of items and rating anchors are adapted 
from the original PCS (which uses a 3‐point scale and 16 items), but 
have been found to have good internal consistency and inter‐rater 
agreement in other samples of adolescents (e.g., Liew, Kwok, Chang, 
Chang, & Yeh, 2014).

2.3.3 | Depressive symptoms

Consistent with prior work examining the association between 
ADHD symptoms and lead (Choi et al., 2016), and to utilize the full 
range of our data, we examined depressive symptoms rather than 
depression diagnosis. At baseline and follow up, adolescent par‐
ticipants completed the short form of the Children's Depression 
Inventory (CDI‐S; Kovacs, 1992), which assesses current depres‐
sive symptomatology through 10 items. Sample items include “I feel 
like crying” and “Things bother me,” which are rated as 0 = “once in 
a while”, 1 = “many days”, and 2 = “every day” (α = 0.73, baseline; 
α = 0.80, follow up). The CDI has well‐documented reliability and 
validity (Smucker, Craighead, & Craighead, 1986) and the short form 
has been shown to be as sensitive as the full version (Allgaier et al., 
2012.) Depressive symptoms at follow‐up were the focus of analyses 
in order to both focus on a period of development when symptoms 
traditionally increase and to overcome the possibility of mood‐de‐
pendent bias affecting both baseline depressive symptom and pa‐
rental psychological control ratings.

2.3.4 | Neighborhood poverty

Given that poorer communities are often disproportionately affected 
by environmental pollutants (O'Neill et al., 2003), it is possible that 
water contaminants are proxy variables that reflect less resourced 
communities and that depressive symptoms, family negativity, and 
community water contamination all are more likely to occur for chil‐
dren who are exposed to more difficult living conditions, broadly. To 
address the possibility that study findings might be accounted for 
by low socioeconomic status, we included in our analyses partici‐
pants’ family income levels and the percentile ranking of neighbor‐
hood poverty relative to households in the state of California (based 
on census track data). Average poverty level per census tract was 
derived as part of the Cal EnviroScreen by computing the percent‐
age of the population within a tract who lived below 2× the federal 
poverty level using the 2011–2015 American Community Survey 
(United Census Bureau, 2015). These values were then ranked to 
determine the percentile ranking of that tract within the state of 

California. Twice the poverty level was used by the CalEPA as a cut‐
off because the cost of living in California is higher than the national 
average and because methods for assessing poverty at the federal 
level have not changed since the 1980s, despite increases in cost of 
living (OEHHA, 2017).

2.3.5 | Stressful life events

We posited that family conflict would be a particularly aversive 
and potent form of social environment, given that it is a potentially 
chronic source of negativity. To test the unique potency of family 
negativity versus other sources of stress, we also included in our 
models adolescents’ lifetime exposure to specific stressful events 
based on responses to a semi‐structured interview administered 
during the baseline assessment. During the baseline assessment, 
adolescents completed a structured interview about their lifetime 
exposure to acutely stressful experiences, using a version of the 
Traumatic Events Screening Inventory for Children (Ford & Rogers, 
1997) modified for this study that assessed over 30 types of expe‐
riences (e.g., parental divorce, major illness, etc.). Using a modified 
version of the UCLA Life Stress Interview coding system (Rudolph & 
Hammen, 1999), a panel of three coders rated the objective sever‐
ity of each stressor from a scale of 1–5 with half‐point increments 
where 1 = non‐event or no‐impact and 5 = extremely severe impact, 
with information about the adolescents’ reactions or behaviors dur‐
ing the interview masked prior to rating (ICC = 0.99). For more infor‐
mation about the assessment of life stress in this sample, please see 
King et al., 2017. The number of events rated at a 2.5 or higher, the 
criterion for a “severe” stressor commonly used by other psychologi‐
cal researchers (Miller & Chen, 2010) was then summed to reflect a 
participant's exposure to stress across their lifetime. This approach 
overcomes problems with adding all events or the severity of all 
events, which may be influenced by reporting biases in adolescents 
who endorse many events that are not objectively very stressful.

2.3.6 | Demographic features

Information on participants’ sex, ethnic minority status, and family 
income level gathered during the baseline assessment, along with 
age at follow‐up, were also assessed and included as covariates in 
subsequent analyses.

2.4 | Data analytic plan

All continuous independent variables were centered prior to analy‐
ses to assist interpretability. Interaction terms were calculated by 
multiplying centered variables of parental psychological control and 
water contaminants. To test the effect of exposure to aggregated 
drinking water contaminants in interaction with family negative 
environments on the prediction of depressive symptoms, we con‐
ducted hierarchical linear regressions in SPSSv25 predicting depres‐
sive symptoms at Time 2 in which adolescents’ age, adolescent's sex, 
ethnicity, parent's sex, family income level, community poverty, life 
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stress, and depressive symptoms at baseline were entered at Step 
1, independent contributions of water contaminants and parental 
psychological control were entered at Step 2, and an interactive ef‐
fect between contaminants and psychological control was entered 
at Step 3. This provides a conservative test of the additive and in‐
teractive effects of water contaminants and family environment, as 
shared variance would be attributed to earlier steps in the model. 
We probed significant interactive effects using simple slope tests 
for one standard deviation above and below the mean of psycho‐
logical control. We then repeated these tests to consider lead, ni‐
trate, and arsenic levels separately, as these contaminants have been 
previously identified as relating to depression‐relevant processes in 
cross‐sectional work. Finally, we repeated analyses without any co‐
variates (except for baseline depressive symptoms) in order to exam‐
ine the generalizability of our findings.

3  | RESULTS

Descriptive statistics are presented in Table 1. An examination of 
models with the composite water contaminant metric indicated that 
the addition of parent psychological control and water contaminants 
significantly improved the model (R2 = 0.26; ΔR2= 0.06, p = 0.026), 
such that there was a significant independent effect of psychologi‐
cal control on subsequent depressive symptoms (B = 0.13, SE = 0.05, 
p = 0.011; see Table 2). Including an interactive effect between con‐
taminants and psychological control further improved the model 
(R2 = 0.31; ΔR2 = 0.05, p = 0.008) and indicated that as parental 

psychological control increased, the association between water con‐
taminants and depressive symptoms strengthened (see Figure 1). 
Simple slope tests at 1 SD above (“higher”) and below (“lower”) the 
mean revealed an association between contaminants and depressive 
symptoms for adolescents who experienced higher levels of parent 
psychological control (B = 0.05, SE = 0.02, t = 2.80, p = 0.006), but 
not for adolescents who experienced lower levels of psychological 
control (B =	−0.01,	SE = 0.01, t	=	−0.82,	p = 0.412). Put differently, for 
adolescents in families at 1 SD above the mean of control, there was a 
1.2‐point increase in depressive symptoms (above and beyond the ef‐
fects of all covariates) for each 1 SD increase in water contaminants.

Given that prior research has specifically implicated lead, nitrate, 
and arsenic in psychological difficulties, we next examined these 
three contaminants individually. The results for lead were similar to 
those for the contaminant composite: there was a significant inter‐
action of control and lead (B = 0.002, SE = 0.00, t = 1.64, p = 0.024), 
such that levels of lead predicted higher levels of depressive symp‐
toms for adolescents at 1 SD above the mean of psychological control 
(B = 0.02, SE = 0.01, t = 2.13, p = 0.036), but were not associated with 
depressive symptoms at 1 SD below the mean of control (B	=	−0.01,	
SE = 0.01, t	=	−1.13,	p = 0.263).

Models including nitrate also yielded a significant interactive ef‐
fect of nitrate and psychological control (B = 0.00, SE = 0.00, t = 2.04, 
p = 0.044). As with both the composite and lead analyses, simple 
slopes tests revealed that higher levels of nitrate predicted higher 
levels of depressive symptoms at follow‐up for adolescents in fam‐
ilies with higher psychological control (B = 0.04, SE = 0.01, t = 3.37, 
p = 0.001), but were not associated with depressive symptoms for 

TA B L E  1   Descriptive statistics for study sample

 Mean SD Observed range

Psychological control (baseline) 20.62 5.52 12–42

Depressive symptoms (follow up) 2.47 2.75 0–13

Depressive symptoms (baseline) 2.29 2.44 0–11

Contaminant composite (% ranking) 32.35 23.52 1.00–95.00

Lead (ug/L) 0.19 0.48 0.00–2.94

Lead % ranking 36.99 43.47 0.00–99.13

Nitrate (mg/L) 5.04 4.66 1.41–24.94

Nitrate % ranking 40.92 28.23 6.50–97.35

Arsenic (ug/L) 0.14 0.41 0.00–3.03

Arsenic % ranking 16.03 18.06 0.00–93.26

Age in years (follow up) 13.15 1.06 11.00–15.52

Age in years (baseline) 11.29 1.04 9.19–13.72

Family income category 8.60 [$75,000–100,000] 1.93 1–11

Poverty (% ranking) 24.36 22.71 0.00–99.00

Number stressful events (baseline) 2.41 2.29 0–11

 Distribution

Child sex N = 54 (49%) female N = 56 (51%) male

Parent sex N = 104 (95%) female N = 6 (5%) male

Minority status N = 62 (56%) white N = 48 (44%) racial/ethnic minority



6 of 11  |     MANCZAK et Al.

TA B L E  2   Hierarchical linear regression models of water contaminants interacting with parental psychological control to predict 
subsequent depressive symptoms

Model

Model including water contaminant composite

R2 ΔR2 p

Step 1 0.20 0.20 0.003

Step 2 0.26 0.06 0.026

Step 3 0.31 0.05 0.008

Predictor variable B SE t p sr2

Step 3

Intercept 3.45 0.44 7.81 <0.001  

Adolescent sex −1.62 0.57 −2.85 0.005 0.06

Minority status 0.08 0.51 0.15 0.883 0.00

Age 0.95 0.26 3.69 <0.001 0.10

Income 0.27 0.13 1.42 0.044 0.03

Dep Sx Baseline 0.15 0.11 1.42 0.160 0.01

Parent sex −0.98 1.09 0.90 0.372 0.01

Poverty 0.01 0.01 0.770 0.443 0.00

Stressful events 0.11 0.11 1.01 0.314 0.01

Psychological control 0.17 0.05 3.35 0.001 0.08

Contaminant composite 0.02 0.01 1.55 0.123 0.02

Contaminants × control 0.01 0.00 2.72 0.008 0.05

Model

Model including lead

pR2 ΔR2

Step 1 0.20 0.20 0.003

Step 2 0.25 0.05 0.040

Step 3 0.29 0.04 0.024

Predictor variable B SE t p sr2

Final model (step 3)

Intercept 3.46 0.45 7.76 <0.001  

Adolescent sex −1.73 0.57 −3.03 0.003 0.07

Minority status 0.05 0.50 0.10 0.921 0.00

Age 0.91 0.26 3.48 0.001 0.09

Income 0.27 0.14 2.03 0.045 0.03

Dep Sx baseline 0.17 0.11 1.53 0.129 0.02

Parent sex 0.70 0.01 −0.65 0.52 0.00

Poverty 0.01 0.01 0.61 0.544 0.00

Stressful events 0.16 0.11 1.37 0.17 0.01

Psychological control 0.14 0.05 2.81 0.006 0.06

Lead 0.01 0.01 0.82 0.413 0.00

Lead × control 0.00 0.00 2.29 0.024 0.04

Model

Model including nitrate

pR2 ΔR2

Step 1 0.20 0.20 <0.003

Step 2 0.30 0.10 0.001

Step 3 0.33 0.03 0.044

(Continues)
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adolescents in families with lower psychological control (B = 0.01, 
SE = 0.01, t = 0.40, p = 0.693).

Finally, there was not a significant interaction of arsenic and 
psychological control in predicting depressive symptoms (B = 0.00, 
SE = 0.00, t = 0.88, p = 0.381). Instead, arsenic predicted levels of de‐
pressive symptoms in adolescents at follow‐up (B = 0.03, SE = 0.01, 
t = 2.29, p = 0.024) regardless of the quality of the family environ‐
ment. Psychological control also independently predicted higher lev‐
els of depressive symptoms (B = 0.16, SE = 0.05, t = 3.01, p = 0.003).

Examining these models without any covariates (with the excep‐
tion of baseline CDI scores, in order to model change) yielded the 
same pattern of significant results.

4  | DISCUSSION

Exposure to water containing chemical contaminants has been 
documented to adversely affect the physical health of individuals 

Predictor variable B SE t p sr2

Final model (step 3)

Intercept 3.26 0.44 7.50 <0.001  

Adolescent sex −1.37 0.57 −2.41 0.018 0.05

Minority status 0.13 0.50 0.27 0.792 0.00

Age 0.90 0.25 3.56 0.001 0.11

Income 0.23 0.13 1.77 0.067 0.03

Dep Sx baseline 0.16 0.11 1.54 0.284 0.02

Parent sex −1.40 1.05 −1.34 0.184 0.02

Poverty 0.01 0.01 0.82 0.414 0.01

Stressful events 0.10 0.11 0.89 0.378 0.01

Psychological 
control

0.16 0.05 3.17 0.002 0.09

Nitrate 0.02 0.01 2.82 0.006 0.08

Nitrate × control 0.00 0.00 2.04 0.044 0.04

Model

Model including arsenic

PR2 ΔR2

Step 1 0.20 0.20 0.003

Step 2 0.29 0.09 0.003

Step 3 0.29 0.01 0.381

Predictor variable B SE t p sr2

Final Model (step 3)

Intercept 3.50 0.45 7.85 <0.001  

Adolescent sex −1.71 0.57 −3.01 0.003 0.08

Minority status −0.14 0.52 −0.27 0.788 0.00

Age 0.77 0.26 2.93 0.004 0.08

Income 0.29 0.13 2.16 0.033 0.02

Dep Sx baseline 0.20 0.11 1.78 0.079 0.05

Parent sex −1.07 1.08 −0.99 0.323 0.01

Poverty 0.00 0.01 0.17 0.864 0.00

Stressful events 0.09 0.12 0.79 0.431 0.01

Psychological 
control

0.16 0.05 3.01 0.003 0.07

Arsenic 0.03 0.01 2.29 0.024 0.05

Arsenic × control 0.00 0.00 0.88 0.381 0.01

Note: All regression coefficients are presented for the full models (with all predictors entered) and with continuous variables centered. Water contam‐
inant values index percentile in rankings relative to the state of California for each marker. Adolescent and parent sex was coded where 0 = female 
and 1 = male. Minority status was coded where 0 = white and 1 = racial/ethnic minority. sr2 = semipartial r2.

TA B L E  2   (Continued)
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across the world; the current findings indicate that such exposures 
may contribute to difficulties in mental health as well—even at 
levels below the EPA's maximum allowable contaminant cutoffs. 
Specifically, we found support for the hypothesis that family psy‐
chological control exacerbated the negative effects of contaminants 
in drinking water to confer a “double hit” for the subsequent increase 
in depressive symptoms in adolescents; however, if children came 
from a family that was lower in control, they did not appear to ex‐
perience negative consequences of contaminant exposure. In addi‐
tion to aggregate exposure across all contaminants, these patterns 
held for lead and nitrate examined individually; in contrast, exposure 
to arsenic increased symptoms regardless of family context. These 
findings were significant above and beyond contributions of demo‐
graphic features, family socioeconomic circumstances, neighbor‐
hood socioeconomic circumstances, and adolescents’ experiences 
with stressful life events, highlighting the unique predictive value of 
water contaminants and parental psychological control.

While we do not yet fully understand the precise cascades that 
account for these effects, there are several possible explanations for 
these findings. As we noted above, both environmental pollutants 
(Ahmed et al., 2011) and the quality of family relationships (Miller 
& Chen, 2010) have been found to affect immune functioning, in‐
cluding levels of chronic inflammation and stimulated cytokine pro‐
duction; in turn, aberrations in inflammatory responses have been 
linked to depression in adolescents and adults (O'Neill et al., 2003). 
Through additive effects on shared immune processes, negative 

social experiences and contaminants may promote levels of inflam‐
mation that lead to the emergence of depressive symptoms. Other 
possible pathways include activation and dysregulation of the HPA‐
axis and other autonomic nervous system components that have 
been previously linked to depression, social experiences, and con‐
tamination (e.g., Chadravanshi et al., 2014). Future work will benefit 
from directly measuring inflammatory and other peripheral markers 
as potential mediators of these associations. Such measurement may 
also clarify why arsenic exerted a direct, but not interactive, effect 
on depressive symptoms; it is possible that even relatively low levels 
of arsenic are sufficient to clinically elevate these theorized medi‐
ators. An additional possible pathway for associations is that con‐
taminants like lead, nitrate, and arsenic have neurotoxic effects on 
brain development and functioning (Choi et al., 2016; Manassaram 
et al., 2005) that may increase the risk of depression in children. 
Consistent with a diathesis‐stress model, this liability or vulnerabil‐
ity may be triggered in the context of an emotionally negative family 
environment. Longitudinal neuroimaging studies have the potential 
to test this formulation.

It is not clear in this study whether the associations between 
exposure to contaminants and depression reflect biological changes 
that are caused by recent exposure or, alternatively, that are due to 
a history of exposure during gestation or earlier life combined with 
water system quality that is stable over time. Timing of exposure 
is likely to be important regarding contaminants, parenting, and life 
stressors; it will be important in future research to examine this 

F I G U R E  1    Interactions between psychological control and composite water contaminants (Panel 1), lead (Panel 2), and nitrate (Panel 3) 
predicting the residuals of depressive symptoms (removing effects of covariates) 2 years later

Lower Psychological Control (-1SD) 
Higher Psychological Control (+1SD) 
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feature. Similarly, we were unable to determine individuals’ pre‐
cise exposure to these contaminants, including how long they had 
lived in a geographic area with a particular water system, the ex‐
tent to which they drank water from these systems in their home 
or consumed water through brushing teeth or cooking foods with 
tap water, or about levels of contaminants prior to the most recent 
(2005–2013) compliance cycle. It is also worth noting that exposure 
to lead, arsenic, and nitrate can come from sources other than water 
(e.g., Manassaram et al., 2005). For example, drinking water is esti‐
mated to contribute to 3%–21% of adult nitrate intake; food sources 
like preserved meats contribute as well. Although lead is most com‐
monly absorbed through paint and soil exposure, water is also a com‐
mon source of lead. Finally, although drinking water is the largest 
source for arsenic consumption, exposure can also occur through 
cosmetics, soil, and food (Chung, Yu, & Hong, 2014). In this context, 
however, we should note that these sources of error would likely 
lead to underestimates of the strength of the associations between 
contaminants and depression. Thus, we think that these results pro‐
vide exciting initial conceptual demonstrations of associations, but 
emphasize that future work will benefit from more precise assess‐
ments of exposure and of person‐level absorption amounts assayed 
directly from biological specimens. In addition, parents are exposed 
to the same drinking water contaminants as are their offspring; thus, 
it is possible that parents’ controlling behaviors are influenced by 
these same contaminant processes. Future work that measures more 
precisely exposure for both parents and children will be important in 
clarifying the nature of the associations in this model.

We should highlight several additional limitations of this study. 
First, we used a community, rather than a clinical, sample, and as‐
sessed severity of depressive symptoms instead of a diagnosis of de‐
pression as the outcome variable. A cut‐off of 3 has been identified 
as a clinically significant threshold for the CDI‐S; our average score 
was 2.29 (baseline) and 2.47 (follow‐up), suggesting that on average, 
symptoms were below clinical threshold. Levels of psychological 
control were also somewhat lower than has been studied in other re‐
search (Liew et al., 2014), and the levels of contaminants in drinking 
water were generally below clinical thresholds. Thus, we are likely 
examining a somewhat restricted range for many of our primary vari‐
ables (with the exception of nitrate, for which 20% of families were 
served by water systems that exceeding the EPA's maximum contam‐
inant level). Although this approach is consistent with prior research 
examining the relation between ADHD symptoms and lead (Choi et 
al., 2016), it does limit our ability to quantify the clinical significance 
of our findings. Nevertheless, the fact that we found such associa‐
tions longitudinally in a sample of relatively healthy adolescents sug‐
gests that water contaminants and more controlling approaches to 
parenting are insidious contributors to depressive processes across 
a range of functioning. Future research would benefit from examin‐
ing similar patterns in higher‐risk samples. For example, it is possible 
that at very high levels, the toxicity of these contaminants confers 
risk regardless of family context, or that associations would be stron‐
ger for individuals with clinical diagnoses of depression.

An additional limitation is that we assessed perceived psycholog‐
ical control only with respect to the adolescents’ primary caregiver 
(overwhelmingly, their mother); unfortunately, we did not have ad‐
olescents’ ratings of psychological control in their other parent or 
other measures of family negativity. Consequently, we were not able 
to assess other possible sources of influence from a second parental 
figure, who may buffer or exacerbate a negative family climate, or di‐
mensions of family conflict other than those involving psychological 
control. Given that only two families in the current study reported 
that the child did not have a second parent‐figure, it is likely that 
most adolescents are exposed to multiple forms and sources of par‐
enting. It will be important for future studies to consider multiple 
types and dimensions of social relationships to test more thoroughly 
the possible unique potency of parental psychological control for 
moderating associations between water contaminants and depres‐
sive symptoms.

This is the first study to document significant prospective as‐
sociations between levels of water contaminants—including lead, 
nitrate, and arsenic—in the drinking water systems of families and 
depressive symptoms in adolescents. Furthermore, our results high‐
light the potential for social environments to modulate what are the‐
orized to be biological effects of physical environments on mental 
health. Identifying associations between drinking water contami‐
nation and the development of psychopathology symptoms offers 
new perspectives on the global issues of both contaminated water 
systems and depression, while reaffirming the importance of family 
environments for mental health in youth.
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