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Abstract: Researchers have long puzzled over suicidal behavior. In this paper, we posit that when
people are unable to attract mates given unfavorable sex ratios, suicide rates increase. Sex ratio, the
proportion of males in a population, is linked to a variety of behaviors, including marriage stability,
violence, depression, and infidelity. We test whether suicide rates are associated with county-level sex
ratios utilizing data from 1999 to 2018, controlling for a variety of factors known to be associated with
suicide risk. We find that sex ratio is associated with suicide rates, where a greater proportion of males
in a county (age 35–74) is associated with an increased rate of suicide for these males. Mediation
analyses show that these effects are mediated by male marriage rates. Counter to predictions, male-
biased sex ratios also tend to be associated with increased female suicide rates for women aged 35 to
74, and this effect is mediated by the unmarried sex ratio (i.e., when there are more unmarried men
compared to unmarried women in a county, there is increased female suicide). Overall, these results
suggest that male-biased sex ratios are associated with suicide rates for both men and women, but
the mediators vary.

Keywords: sex ratio; United States counties; suicide; marriage; operational sex ratio

1. Introduction

Over the past twenty years, the total suicide rate in the United States (US) has increased
35% (Hedegaard et al. 2020), resulting in approximately 48,000 deaths in 2018 (Meszaros
2020). While the US suicide rate declined in 2019 and 2020, it rebounded in 2021 (Garnett
and Curtin 2023). Elucidating the factors that influence suicidal behaviors is critically
important. Despite extensive research, predicting who will commit suicide remains difficult
(Franklin et al. 2017). A variety of individual-level predictors are associated with suicidal
behavior, some of which include the following: prior suicide attempts (Chen et al. 2013);
depression (American Foundation for Suicide Prevention 2021); marital dissolution or
relationship problems (Cutright et al. 2007; O’Neill et al. 2018; Kposowa 2000); ethnic
background (Alcántara and Gone 2007; Wong et al. 2014; Utsey et al. 2007; Vanderwerker
et al. 2007); gender (Denney et al. 2009; Cutright et al. 2007); sexual assault (Dworkin
et al. 2017); and unemployment or financial stress (Stack 2000; O’Connor and Nock 2014;
Kposowa 2001). Early suicide research focused on population-level influences included
social disintegration and social isolation (Durkheim 1897). Today, we recognize many
population-level factors, including population density (Singh and Siahpush 2002; Hirsch
2006), relative cohort size (Stack 2000), and even altitude (Brenner et al. 2011). The number
of suicide attempts (non-fatal suicidal behavior) far outweighs the number of fatal suicides,
which may partially reflect the access to and use of lethal means (Thomas and Gunnell
2010). While men have almost four times the rate of suicide compared to women in the US,
women actually have higher rates of suicidal attempts, and this difference may be partially
explained by their choice of means (Spicer and Miller 2000).

Understanding the factors that affect suicidal behaviors is an important area of re-
search that has led to insights from a variety of approaches, including ecological studies
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(McCleary et al. 2002; Dixon et al. 2007; Brenner et al. 2011; Luo et al. 2011), individual-level
demographic correlates (Spicer and Miller 2000; Denney et al. 2009), clinical risk assess-
ments (Carter et al. 2017; Tello et al. 2020; Nock et al. 2010), and evolutionary cross-cultural
perspectives (Syme et al. 2016; Syme and Hagen 2019; DeCatanzaro 1980; Soper 2018; Stack
2000; Ziker and Snopkowski 2020). Unfortunately, even with extensive research across a
variety of fields, suicide rates continue to have an upward trend in the United States across
all age groups under 75 (Hedegaard et al. 2020).

Evolutionary arguments of suicide focus on ultimate-level explanations, particularly
how a behavior that eliminates future reproductive success can evolve. These hypotheses
include the inclusive fitness model, which argues that suicide may occur if it increases the
inclusive fitness of relatives (DeCatanzaro 1980). For example, if an individual requires
extensive help from relatives, but has a low likelihood of reproducing oneself or being
able to provide help to others (also known as the burdensomeness model), suicide may
be an adaptive choice. A few hypotheses focus on suicidal behavior as a costly signal; the
bargaining model argues that suicidal behavior is a costly signal of need (Syme et al. 2016),
while the costly apology model suggests that some suicidal behavior is an honest signal
of apology (Syme and Hagen 2019). Both of these models suggest that fatal suicide is an
unfortunate byproduct of the honest signal, and may help explain the large discrepancy
in numbers of suicidal attempts compared to fatal suicide. Other hypotheses focus on
suicide as maladaptive, a potential mismatch between prior and current environments
(DeCatanzaro 1980), byproducts of our complex brains (Soper 2018), or a consequence
of adaptive developmental trajectories (Ziker and Snopkowski 2020). Ethical concerns of
working with humans and the challenge of inferring past evolutionary pressures makes it
difficult to fully test these hypotheses.

In many cases, adversity may adaptively cause low mood or depression (Darwin
1887; Nesse 2000). Evidence shows that the level of hardship is proportional to depressive
symptoms (Kendler et al. 1998) and the majority resolve over time (Ten Have et al. 2017).
Among the Tsimane, a forager-horticulturalist group living in the lowlands of Bolivia,
functional disability, where a person is unable to provide resources to others, is associated
with increased rates of depression (Stieglitz et al. 2015). Social conflict, including marital,
family, and work conflicts, along with physical and sexual assault, are also associated with
depression and suicidality (Syme and Hagen 2020). The inability to achieve social goals,
such as experiencing the breakdown of a marital relationship or the inability to find a
partner, poor relationships with kin resulting in reduced support (both given and received),
and the inability to provide investment for children and other relatives may induce feelings
of low mood or depression as a proximate means to promote reallocation of effort and
resources (Nesse 2000). In some cases, this low mood (also described as negative valence)
may propel people to pursue alternative behaviors that lead to better outcomes (Nesse
2000). Other individuals, who may be unable to change these outcomes (for instance,
due to health challenges, or inability to relocate due to employment restrictions), may
experience major depressive symptoms and suicidal behaviors. Brain pathology without
any associated situational effects may also explain depression and suicidal behavior in
some cases.

Population-level sex ratio, defined as the proportion of men in a population (Ancona
et al. 2017), relates to a variety of social behaviors, such as marriage stability (Uggla
and Mace 2017; Uggla and Andersson 2018) and health outcomes, including sexually
transmitted disease rates (Pouget 2017) and depression (Zhou and Hesketh 2017). Given
the link among marital status, depression, and suicide risk, it is a logical next step to
hypothesize that sex ratio may help us understand the geographical patterning of suicide
rates. Theoretically, sex ratio may influence behavior because of supply and demand in
heterosexual mating markets (Guttentag and Secord 1983; Pedersen 1991; Schacht and
Smith 2017). Individuals of the sex that is less frequent have more bargaining power in
selecting partners of the other sex (in heterosexual mating markets). In contrast, individuals
of the sex that is more frequent will have greater competition among members of their
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own sex in attracting and retaining a mate. We note that biological sex is not equivalent
to gender, but theoretical arguments about sex ratio (or gender ratio) and data sources
reporting information on people’s sex/gender typically do not meaningfully distinguish
sex and gender, a problem that can be rectified in the future with better data collection
around gender identity.

Empirical results have shown that under conditions of male-biased sex ratios (more
males than females), divorce rates are lower, marriage rates are higher, and men are less
open to engaging in uncommitted sex (Uggla and Mace 2017; Pouget et al. 2010; Schacht
and Borgerhoff Mulder 2015; Hurtado and Hill 1992; Angrist 2002). These results are
frequently interpreted as men being more willing to engage in long-term, stable pair bonds
in male-biased populations for two reasons: first, it is preferred by females, and females
have greater power to achieve their preference (Uggla and Mace 2017). Second, any male
ending a relationship will find few potential mates given the limited number of females in
the population. Other interpretations have also been posited, including that men utilize
their structural power to control women, resulting in women marrying at younger ages and
refraining from work outside the home (Guttentag and Secord 1983; O’Brien 1991). Suicide
rates may be associated with sex ratio as the number of locally available potential partners
may influence one’s ability to achieve social goals, particularly the ability to marry, remain
married, and remarry following divorce. Individuals may be more likely to feel lonely or
depressed if they are not married, but also if their prospects for marriage or partnership are
low. Marriage has been documented to improve mental health (Simon 2002; Horwitz et al.
1996) and reduce suicide risk (Kposowa 2000, 2001). Depression and suicidal tendencies
have also been linked to male-biased sex ratios in China through their effect on men being
unable to marry (Zhou and Hesketh 2017; Zhou et al. 2013). If there is an overabundance of
men unable to find monogamous female partners in heterosexual mating markets due to
male-biased sex ratios, men may experience an increased suicide risk.

Sex ratio may associate with suicide risk differently for men and women given sex
differences in the relationship between family dynamics and depression. For instance,
marriage reduces the rates of depression more for men than women (Horwitz et al. 1996).
Unmarried men (including never married, divorced, and widowed) are less likely to have
contact with friends, children, or relatives than unmarried women, resulting in greater
loneliness (Rokach et al. 2007; Pinquart 2003). Finally, being a father has less of a protective
effect against suicide than being a mother (Stack 2021). These factors contribute to the
expectation that suicide rates are higher for men unable to partner than women in a similar
circumstance.

Prior research has shown that male suicide is higher in male-biased areas of Japan
(Kuroki 2013). Another study utilizing data from 1980 found that a relatively higher
proportion of men to women in a US state was associated with a higher male suicide rate,
but no association with female suicide rates was observed (Lester 1999). Contrary to these
studies, a cross-national survey of 142 countries found that male-biased sex ratios were
associated with reduced suicide (Moore et al. 2020). Unfortunately, people are unlikely to
perceive sex ratio at the level of the state or nation (Brandner et al. 2020). Examining the
role of sex ratio in US counties provides a better opportunity to examine how sex ratio may
relate to suicide rates at a more local level.

The factors influencing suicide risk change across the life span. For instance, elderly
people may be more likely to have a terminal illness or severe medical condition that may
contribute to suicide risk (perhaps because of their perceived burdensomeness), while
unemployment is simultaneously less likely to play a role for those who are retired. In
contrast, young adults are more likely to experience a relationship difficulty, such as
an argument or break up, prior to suicide (O’Neill et al. 2018). A study from a male-
biased region of China found that unmarried men aged 30–40 experienced higher rates
of depression and suicidal ideation than married men aged 30–40 or younger men aged
20–30 regardless of marital status (Zhou and Hesketh 2017). This suggests that being ‘never
married’ may associate with suicide risks at older ages—at an age when one’s peers have
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already married. We predict that the association between sex ratio and county-level suicide
rate is more likely to exist at older ages.

Examining the mediators of sex ratio on county-level suicide rates will provide a
better understanding of potential mechanisms underpinning these relationships (if any).
For this research, we examine two potential mediators, both indicative of being partnered
and ability to partner. The first is the proportion of men [women] who are married in a given
age range. Prior research has shown that marriage is protective against suicide; therefore,
the proportion of people who are married in a community may be associated with lower
suicide rates. At a population level though, many counties have low marriage rates (e.g.,
counties with large university populations), which has no effect on suicide rates. Further,
approximately 40% of births in the US between 2007 and 2018 were to unmarried women
(Martin et al. 2019), suggesting that ‘marriage’ may not be the best measure of partnership
behavior in the US today. Theoretically, it is not just the proportion of people who are
married that we think should be considered, but whether there are people available to
partner with. Based on this hypothesis, we also examine the operational sex ratio, measured
here as the number of unmarried men divided by the total number of unmarried people
(in each age range). Unmarried people include those who have never married and those
who are separated, divorced, or widowed. Operational sex ratio is typically defined as
the ratio of males to females that are in the mating pool at a given time and place. This
does not perfectly align with our measure here since we cannot be sure whether unmarried
individuals have a partner but should serve as a proxy. We expect that when there is a
higher number of unmarried men compared to unmarried women, this is indicative of
males having fewer available partners.

In this research, we examine the relationship between sex ratio and suicide rates in US
counties for men and women separately in three age groups and utilize mediation analyses
to examine possible mediators of any documented relationships. Our hypotheses are as
follows:

Hypothesis 1. The proportion of men in a county will positively correlate with male suicide rate,
particularly for older age groups.

Hypothesis 2. The proportion of men in a county will negatively correlate with female suicide
rates, although the effect will be dampened compared to men.

We have no clear hypotheses related to the mediators, instead using these as ex-
ploratory analyses.

2. Materials and Methods

To examine the relationship between sex ratio and suicide rates, we utilize data from
the Center for Disease Control’s (CDC) Underlying Cause of Death database (Centers for
Disease Control and Prevention 2020), which includes data on suicide rates for each county
in the United States and the number of men and women living in each county (for particular
age groups) from 1999 to 2018. The suicide rate for each county is calculated across the
twenty-year period to minimize missing data (more detail below in Missing Data). We
excluded ten counties whose boundaries changed during the study (four of which were
eliminated and six of which were added), resulting in 3137 counties. Data from individuals
aged 15–74 in each county were included, categorized as follows: 15–34, 35–54, and 55–74.
Individuals over age 74 were excluded due to terminal illness as a cause of suicide, which
would be more frequent among elderly individuals. The number of individuals who die of
intentional self-harm (ICD-10 code: X60–X84) were included in our definition of suicide for
each county.

The male suicide rate of a county is defined as the number of male suicidal deaths per
100,000 male population. Similarly, we calculate a female suicide rate for each county. When
the number of suicide deaths is less than ten for a county over the timespan, the number of
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deaths is suppressed. Across 1999–2018, for the entire age range (ages 15–74), this includes
281 counties for men (~9%) and 1263 counties for women (~40%). We discuss our methods
for dealing with missing values below (see Missing Data).

To calculate sex ratio, we divide the number of males by the number of total people
living in a county for a particular age-range. Population counts (by sex–age category)
are reported in the CDC’s Underlying Cause of Death database (Centers for Disease
Control and Prevention 2020). Sex ratio values include imprisoned persons, which can
dramatically impact a county’s sex ratio, particularly in rural counties with large prisons.
To reduce this bias, we exclude counties with more than 1% of their population imprisoned
(approximately 21% of counties). As a sensitivity analysis, we also estimate the number
of males and females living in each county (for the particular age span) who were not
living in a correctional facility (United States Census Bureau 2010a; United States Justice
Department 2018). For details on how this was calculated, see Supplementary Materials
Correctional Facilities.

2.1. Missing Data

Counties with fewer than ten suicides over the 20-year time period (for a given sex-age
category) are missing. These missing data are particularly problematic because there is
a higher likelihood of missing values for counties with few people and low suicide rates,
while those counties with few people and high suicide rates are less likely to be missing,
overestimating the effect of rurality on suicide. Given the large amount of missing data—
particularly for female suicide rates—and the potential bias associated with the pattern
of missingness, we utilize two methods to deal with missing values. First, we exclude
counties with small populations. The cut-off varies, but we exclude counties below a sex-
specific population cut-off that results in five or fewer missing values. Second, we utilize a
multivariate imputation by chained equations (MICE) method to impute the suicide rate
based on predictive mean matching using the other variables in the model (including sex
ratio and control variables listed below) in a linear mixed-effects model (lmer function
in R) to allow for random intercepts by state. We create five imputed datasets. Since
we know that there were fewer than ten suicides in counties with missing data, we use
the imputed rate to determine the predicted number of suicides. For any county whose
predicted number of suicides was higher than nine, we replace the imputation with nine
and re-calculate the imputed suicide rate. Then, we pool the estimates and calculate the
standard error based on Rubin’s rules (Rubin 1987).

2.2. Confounding Variables

There are a variety of other demographic factors known to influence suicide rates that
we control for throughout our analyses, including unemployment rate (Yang and Lester
1995), veteran status (Kaplan et al. 2012; Kuehn 2009), household income (Kposowa 2001),
population density (Kegler et al. 2017; Singh and Siahpush 2002), and economic decline
(Luo et al. 2011), measured as percent change in population, and ethnic background, where
higher suicide rates have been observed for those identifying as white or Native American
(Ivey-Stephenson et al. 2017; Utsey et al. 2007). Suicide is also geographically patterned,
where western states have higher suicide rates than others (Baller and Richardson 2002).

To understand the relationship between sex ratio and suicide, one needs to control
for potential confounding variables, and examine suicide rates separately for males and
females. When possible, we identify age-specific values for control variables. For instance,
instead of using the unemployment rate for the entire county, we utilize the unemployment
rate for the age categories closest to the age-specific suicide rate we are examining. For
age-specific unemployment rates, we utilize data from the 2010 and 2018 five-year Amer-
ican Community Survey (ACS) with data on age-specific unemployment (United States
Census Bureau 2010b, 2018a). Data on age-specific percentage of veterans is only available
beginning with the 2015 American Community Survey (which covered the previous 5
years (United States Census Bureau 2015). To calculate age-specific median household
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income, we utilize the median income by age of householder in the past twelve months (in
inflation-adjusted dollars for that year) from the American Community Survey five-year
estimates from 2010 and 2018 (United States Census Bureau 2010c, 2018b). To control for
urban-rural, we include population density of the county, averaged across 2000 and 2010,
defined as: total population (United States Census Bureau 2020) divided by total land area
(United States Census Bureau 2011). The ethnic background of the county is measured as
the percentage of people who identify as white (alone or in combination with one or more other
races) in each county and the percentage of people who identify as American Indian or Alaska
Native (alone or in combination with one or more other races) averaged across the 2000
(United States Census Bureau 2000) and 2010 (United States Census Bureau 2010d) censuses.
Additional details can be found in Supplementary Materials Confounding Variables.

2.3. Data Analysis

We conduct linear mixed-effects models with random intercepts for each state (lmer
function in R) to predict (1) suicide rates; (2) suicide rates for more populated counties at a
population cut-off that minimizes the number of missing values; and (3) suicide rates with
imputed values. We use a model selection approach to compare the fit of a mixed-effects
model with random intercepts for US state with a multiple regression model that does not
account for geographical clustering. A model is selected based on the Akaike information
criterion (AIC), which calculates the fit of the model with a penalty for each additional
parameter (Burnham and Anderson 2002). A comparison of AIC scores shows that mixed-
effects models with random intercepts for US state are always a significant improvement
over multiple regression models that do not account for geographical clustering (see
Supplementary Materials Table S1). Our independent variable is age-specific sex ratio.
Most of our variables are skewed, including suicide rate, unemployment rate, percent of
veterans, median household income, population density, percent identifying as American
Indian or Alaska Native, and percent identifying as white. All positively skewed variables
were log transformed (base 10). The percent of people who identify as white is negatively
skewed; therefore, we took the log transformation of 101 minus the value. This leads to a
variable that indicates the percentage of people who identify as ‘not white’. The data were
analyzed in R version 3.6.1.

2.4. Mediation Analyses

To better understand how sex ratio may influence suicide rates, we examine two
potential mediators for our analyses of suicide rates. The first is the proportion of men who are
married, calculated as number of married men divided by total number of men in each age
range. The proportion of women who are married is also calculated. The second mediator is
operational sex ratio, calculated as the number of unmarried males (never married, separated,
divorced, widowed) divided by the total number of unmarried people (for each age range).
The proportion of men (women) who are married and the operational sex ratio are both measured
using the average of the five-year American Community Survey data from 2018 and 2010
(United States Census Bureau 2010e, 2018c), which represents summaries for the five years
prior to the survey.

Our analyses utilize a parallel/multiple mediation model approach (Baron and Kenny
1986). Our models examine the pathway from sex ratio to suicide rates through our two
mediating variables, proportion married and operational sex ratio (OSR), using four multilevel
regression equations: (1) a model predicting suicide rates without mediators, same model as
described in previous section (see Figure 1, line C); (2 and 3) models of sex ratio predicting
the mediators (see Figure 1, lines A and B); and (4) a full model predicting suicide rates with
mediators and sex ratio (see Figure 1, lines A’, B’, and C’). All models include a random
intercept for US state and control variables listed above. The analyses were attempted
utilizing generalized structural equation modeling; however, convergence could not be
achieved with these models. We therefore utilize separate linear mixed-effects models with
random intercepts.
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Figure 1. Hypothesized mediation models. Analyses include control variables at each step and a
random intercept for state.

To test the mediation effects, we utilize the method described by Baron and Kenny
(1986). A hypothesized mediator would completely mediate the relationship between an
independent and dependent variable if the following four conditions are met: (1) the
relationship between the independent variable and mediator is significant (lines A and
B in Figure 1); (2) the relationship between the mediator and the dependent variable is
significant (lines A’ and B’ in Figure 1); (3) the relationship excluding the mediators is
significant between the independent and dependent variable (line C in Figure 1); and (4)
the relationship between the independent and dependent variable is not significant when
the mediators are included (line C’ in Figure 1). If line C’ remains significant after including
the mediators, then the relationship would be considered partially mediated.

3. Results

Table 1 presents the descriptive statistics of variables included in our analyses (density
plots of dependent and independent variables can be found in Supplementary Materials
Figures S1 and S2). Male suicide rates are substantially higher than female suicide rates.
For males across all age ranges (15–34, 35–54, 55–74), the rate is approximately 30 per
100,000 males, while it is only 8 per 100,000 for females. We also see the predicted change
across the age category, where the rate is slightly lower for younger people (age 15–34) and
highest among people aged 35–54. The average sex ratio across counties is 0.5 (for people
aged 15–74). If we examine the variation across age group, we see that younger age groups
are more male-biased (0.51 for ages 15–34), but become more female-biased at older ages
(0.49 for ages 55–74). This is to be expected given the higher male mortality throughout
adulthood.

Figure 2 presents maps of suicide rates in US counties (ages 15–74). The map on the
left represents male suicide rates, while the map on the right presents female suicide rates.
In both maps, the counties indicated in white have missing data (less than ten suicides
over twenty years). These figures show the geographical patterning of suicide rates, which
are particularly high in western states. Figure 3 represents the sex ratio (defined as the
proportion of males in the county, excluding imprisoned individuals) in each US county.
Comparing Figures 2 and 3 visually reveals the bivariate correlation between suicide
rates (for both males and females) and sex ratio, where male-biased counties have higher
suicide rates (see Supplementary Materials Table S2 for a correlation matrix of all variables).
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However, counties with high suicide rates and male-biased sex ratios are systematically
different in a variety of other ways as well, such as having lower population densities.

Table 1. Descriptive statistics for cross-sectional and mediation analyses.

Age: 15–34 Age: 35–54 Age: 55–74

Variable Mean
(sd) Range n Mean

(sd) Range n Mean
(sd) Range n

Sex ratio 0.51 (0.02) 0.43–0.76 2478 0.50 (0.02) 0.44–0.70 2478 0.49 (0.02) 0.43–0.68 2478
Male suicide rate 29.8 (19.0) 6.7–331.7 1693 34.3 (12.4) 10.0–164.9 1838 30.2 (10.1) 10.8–86.9 1600

Female suicide rate 6.4 (6.3) 1.5–93.2 629 10.5 (4.3) 2.5–32.1 978 7.7 (3.0) 1.7–22.0 639
Unemployment Rate 6.6 (3.6) 0–37.1 2475 4.7 (2.4) 0–27.8 2475 3.8 (2.0) 0–21.4 2475

Veterans (%) 2.6 (2.0) 0–21.8 2476 6.4 (3.0) 0–31.3 2476 15.1 (3.5) 0–30.8 2476
Median income

($1000s) 54.9 (13.2) 18.0–127.6 2474 56.8 (14.0) 19.7–134.9 2472 58.7 (15.6) 19.2–153.3 2473

% men married 35.4 (8.8) 5.4–84.6 2476 66.0 (7.4) 26.2–94.4 2476 71.7 (5.3) 41.8–93.0 2476
% women married 44.6 (10.9) 9.2–86.5 2476 67.4 (8.2) 28.4–92.7 2476 55.0 (6.6) 19.1–83.9 2476

Operational sex ratio 0.55 (0.05) 0.19–0.87 2476 0.51 (0.05) 0.11–0.80 2476 0.36 (0.05) 0.20–0.74 2476

Non-age varying Mean
(sd) Range n

Population Density 294.7 (1941.6) 0.04–69842.4 2478
Percent change in population (%) 2.6 (11.6) −59.4–90.9 2478

Percent identifying as American Indian or
Alaska Native (%) 2.7 (8.4) 0.1–94.2 2478

Percent identifying as white (%) 86.6 (15.5) 5.9–99.9 2478

Note: sd = standard deviation, n = sample size, % refers to percentage. Age-specific measures are reported in the
top of the table and categorized as 15–34, 35–54, and 55–74 based on which model the measure is included in. The
“Non-age varying” variables are included at the bottom of the table and these variables are included in all models
regardless of the age category.
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Figure 4 provides the fixed effect estimates of the linear mixed-effect models for male
and female suicide rates in three age categories (15–34, 35–54, 55–74) for three models:
a model predicting non-missing suicide rates (labeled: crude), a model which includes
only those counties with a population cut-off that reduces the number of counties with
missing suicide rates to five or less (labeled: populated), and finally, a model utilizing
multiple imputation (labeled: imputed). The full results (including all covariates) can be
found in Supplementary Materials Table S3 (a similar figure which uses sex ratio based
on estimated non-imprisoned individuals can be found in the Supplementary Materials
Figure S3). These results provide consistent findings for males 15–34, where we see a
significant negative association between sex ratio and suicide rate, where more male-
biased counties are associated with reduced male suicide rates after controlling for other
covariates. In contrast, for males aged 35–54 and 55–74, the effect is positive (significant in
most cases) where more male-biased counties are associated with higher male suicide rates
after controlling for other covariates. The results for females show no significant effect at
younger ages (15–34), but a positive association at older ages (35–54 and 55–74), where
more male-biased counties are associated with a higher female suicide rate (significant in
50% of the analyses). The populated analyses find non-significant effects of sex ratio across
all female age groups, which may be indicative of low power due to small sample sizes
in these models (n = 430, n = 569, n = 395 moving from youngest to oldest age categories).
A sensitivity analysis which included counties regardless of their imprisoned population,
where we estimated the number of non-imprisoned individuals, shows broadly similar
results (see Supplementary Materials Figure S3).
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Figure 4. Fixed effects (beta) values of sex ratio predicting suicide rate in US counties for different
age-sex groups in a linear mixed-effects model with random intercepts for each state controlling for
unemployment rate (log), percent veterans (log), percent of people identifying as American Indian
or Alaskan Native (by itself, or with another ‘race’; log transformed), percent of people who do not
identify as white (log), median household income (log), population density (log), and percent change
in population from 2000 to 2010. Only counties with <1% of the population imprisoned are included.
Analysis types include the following: ‘crude’ rates of suicide (red), ‘imputed’ rates of suicide (derived
from a model with multiple imputation, green), and ‘populated’ representing a model that only
includes more-heavily populated counties to reduce the bias of missingness (see Methods for more
details). Error bars represent 95% confidence intervals. The vertical dotted line represents a beta = 0
(no effect).
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Mediation Analyses

Table 2 presents the results of our mediation analyses (the coefficients for the control
variables are excluded from the table but can be seen in Supplementary Materials Table S4).
We have included all sex-age groups, except females aged 15–34 which did not have a
significant effect of sex ratio on suicide rate (see Figure 4). The results show that for men
aged 35–54 and 55–74, proportion married is a complete mediator, where counties with
higher proportions of men have a smaller percentage of married men, and in turn, a higher
suicide rate. Operational sex ratio is not a significant mediator for men in any age group.

Table 2. Mediation analyses results.

Males Females

15–34 35–54 55–74 35–54 55–74

β (SE) β (SE) β (SE) β (SE) β (SE)

Sex Ratio -> Prop. Married (A) −12.84 (8.73) −39.83 (9.25) *** −66.01 (7.13) *** 32.30 (7.95) *** 63.94 (7.74) ***
Prop. Married -> Suicide rate (A’) 0.004 (0.001) *** −0.004 (0.001) *** −0.005 (0.001) *** −0.005 (0.001) *** −0.003 (0.002)
Sex Ratio -> OSR (B) 1.29 (0.05) *** 1.54 (0.07) *** 1.77 (0.058) *** 1.54 (0.068) *** 1.77 (0.058) ***
OSR -> Suicide rate (B’) 0.17 (0.17) −0.11 (0.12) −0.07 (0.17) 0.704 (0.233) ** 1.143 (0.362) **
Sex Ratio -> Suicide rate (C’) −0.98 (0.30) ** 0.49 (0.32) 0.72 (0.45) −0.057 (0.649) −0.231 (0.987)
Sex Ratio -> Suicide rate (C) −0.81 (0.21) *** 0.56(0.27) * 0.91 (0.32) ** 1.197 (0.497) * 1.475 (0.732) *
Is Proportion Married a Mediator? No Completely Completely No T No
Is OSR a Mediator? No No No Completely Completely

Note: β represents unstandardized beta coefficients and SE represented standard errors based on linear mixed-
effects models with random intercepts for state controlling for unemployment rate (age-specific, log transformed),
veteran rate (age-specific, log transformed), percent of people identifying as American Indian or Alaskan Native
(log transformed), percent of people identifying as not white (log transformed), median household income
(age-specific, log transformed), population density (log transformed), percent of population change from 2000
to 2010. Rows represent different paths based on Figure 1. Bold represents significant mediators. * p < 0.05,
** p < 0.01, *** p < 0.001. T Indicates that while the mediator meets the criteria of significance, the direction of
the effect is opposite of what is required to mediate the relationship. OSR stands for operational sex ratio, Prop.
stands for proportion

For females in the 35–54 age range, the proportion of women married is significantly
associated with both sex ratio and suicide rates. As the sex ratio increases (i.e., a higher
proportion of men), the proportion of women who marry increases, and higher marriage
rates are associated with a decline in suicide rates; thus, the route through proportion of
women married suggests that male-biased sex ratio should have a negative effect on suicide
rates (which is the opposite of our findings above). Since the mediated effect does not
account for the original relationship, it is not a mediator.

Our other mediator, operational sex ratio, is significantly associated with both sex
ratio and suicide rate for women aged 35–54 and 55–74, where a higher sex ratio (i.e., a
higher proportion of men) is associated with a higher operational sex ratio (i.e., a higher
proportion of unmarried men), and this is associated with an increase in suicide rates for
women. Operational sex ratio completely mediates the relationship between sex ratio and
suicide rate.

When considering the youngest age group, we find no significant mediators for men
aged 15–34. For women aged 15–34, there is no relationship to mediate.

4. Discussion

Our results show that, as predicted, male-biased sex ratios are positively associated
with suicide rates for older men aged 35–54 and 55–74 and these results are mediated by
male marriage rates. This corresponds to an increased suicide rate of 2.25 per 100,000 men
aged 35–54 and 3.2 per 100,000 men aged 55–74 as one goes from an equal sex ratio to 55%
males, at the average value for all covariates. In counties with male-biased sex ratios, a
smaller proportion of males are married (after controlling for other covariates), resulting
in higher suicide rates. As the proportion of married men increases, there is an associated
drop in suicide rates—as expected from prior research (Kposowa 2001, 2000). Our results
are consistent with the findings by Zhou and Hesketh (2017) which showed that single
men at ages 30–40 experienced greater depression and suicidal thoughts in male-biased
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regions of China compared to married men aged 30–40 or unmarried men aged 20–30.
Prior research has shown that unmarried and divorced men are more likely to exhibit
mental health problems, depression, alcohol and drug misuse, along with experiencing
reduced social support and integration (Simon 2002; Horwitz et al. 1996; Umberson 1992),
all of which have been linked to suicidal risk (Shaffer 1993; Denney et al. 2009; Stack 2000).
Operational sex ratio is not a significant mediator of the relationship between sex ratio
and suicide for older men, suggesting that an inability to partner (above and beyond simple
marriage rates) is not driving these effects for men.

For females, we see a positive association between male-biased sex ratios and suicide
rates for females aged 35–54 and 55–74, counter to predictions. The effect size suggests
that an increase in sex ratio from balanced to 55% men (55 males for every 45 females) will
contribute an additional 1.5 deaths per 100,000 females aged 55–74 and 0.83 deaths per
100,000 females aged 35–54. These effects may seem small, but the average rate of female
suicide is approximately 8 per 100,000; therefore, a shift by one person is a substantial
change when considering the large population size of the US. As expected, in more male-
biased counties, the proportion of women married increases, confirming previous research
(Angrist 2002). Additionally, as the proportion of married women increases, the rate
of suicide decreases for women aged 35–54. This route suggests that male-biased sex
ratios should reduce suicide rates for women, which would have supported our original
hypothesis, but is counter to the overall relationship we found. In contrast, the positive
relationship between male-biased sex ratio and female suicide rate is mediated through
operational sex ratio. Counties with greater male-biased sex ratios tend to have greater
male-biased operational sex ratios, and this is significantly associated with increased suicide
rates for women. This is the opposite of what we predicted—that improved opportunities
for partnership should decrease risk of suicide.

Why might this be? There are a variety of possibilities; evidence suggests that male-
biased sex ratios may be associated with intimate partner violence (Alessio and Stolzenberg
2010; Bose et al. 2013) perhaps because men attempt to exert greater control over their
partners when they experience greater competition for mates (Guttentag and Secord 1983).
Intimate partner violence is, in turn, associated with increased suicidal behaviors among
women (Seedat et al. 2005; Cavanaugh et al. 2011). Another possibility is that sex ratio may
be associated with sexual assault or rape (O’Brien 1991; Trent and South 2012), increasing
suicidal behavior among women (Dworkin et al. 2017); however, evidence for sex ratio
effects on rape and sexual assault is disputed (O’Brien 1991). It is important to note that
male-biased sex ratios do not necessarily predict increased violence against women (Schacht
and Borgerhoff Mulder 2015). Prior research has shown that women with children are
less likely to commit suicide (Høyer and Lund 1993); however, it is possible that under
conditions of male-biased sex ratios where men invest more in their offspring, women may
feel less needed by their children, reducing the protective effect of parity. In male-biased
communities, there are lower rates of female labor-force participation (Grosjean and Brooks
2017; Guttentag and Secord 1983), and evidence suggests that being out of the labor market
increases suicide risk, particularly for women (Kposowa et al. 2019). A final possibility is
that there is some other variable that influences both sex ratio and suicidal behavior that we
have been unable to account for. Given that the effect of marriage rates and operational sex
ratio act in opposite directions, this may explain the non-significant relationship between
sex ratio and female suicide rates documented in previous research (Lester 1999).

Finally, when we examine the effects of younger males and females, we see a non-
significant effect of sex ratio on young female suicide rates and a negative effect on young
male suicide rates, where male-biased counties tend to have reduced suicide rates, counter
to predictions. When we examine the mediators, the results show that counties with
more young people married have higher suicide rates (at ages 15–34). This is counter to
the expectations and an analysis of individual-level death records shows that marriage
is protective at the individual level—even among young adults aged 20–34 (Centers for
Disease Control and Prevention 2018). For instance, in 2018, 26.1% of men aged 20–34
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were married, but only 15.5% of those who committed suicide were. For women aged
20–34, 32.9% were married, but only 21.7% of those who committed suicide were. This
result suggests that there is some other factor that is associated with the likelihood of
early marriage in a county and suicide rates. Research has shown that communities
with earlier marriage tend to be located in southern or rural regions of the United States
(Uecker and Stokes 2008), which are geographical factors we attempt to control for in
our analyses. Further analyses to verify whether these effects can be explained by other
potential correlates of suicide risk, including educational success (Case and Deaton 2020)
or the percentage of people who recently moved (Potter et al. 2001) finds that these two
factors do not mediate these relationships (results not shown). It is possible that some other
measure, such as firearm ownership, may mediate these relationships, but data are not
available at the county-level for analysis. Sex ratio remains significant in our model of
young male suicide, even after accounting for the mediators, suggesting that we have not
yet identified how sex ratio is influencing suicide rates among young males.

These findings suggest that male-biased sex ratios may be more problematic for
suicide rates than female-biased sex ratios for people over the age of 35. Under conditions
of male-biased sex ratios, males aged 35–54 and 55–74 were less likely to marry, which
associates with higher rates of suicide. We do not see the same effects for women under
conditions of female-biased sex ratios. While male-biased sex ratios reduce suicidal rates
for women through the association with higher female marriage rates, the operational
sex ratio appears associated with increased suicide rates for women (an effect even larger
than the protective effect of marriage). Understanding the connections between ecological
sex ratio, mental health, and suicidal behavior is important for anticipating public health
outcomes of changing sex ratios.

There are several limitations to this research. First, our analyses only examine cor-
relations and we cannot make any claim that our relationships are causal. We should be
weary of the ecological fallacy, where we incorrectly infer individual-level behavior from
population-level statistics (Robinson 1950; Pollet et al. 2017). Second, we have tried to
control for confounding factors, but there may be other factors that explain the correlation
between sex ratio and suicide rates that we have failed to include here, particularly factors
that are not measured at the county level, such as firearm ownership or the utilization of
mental health services. People who receive a diagnosis of a terminal disease or cancer are at
higher risk of suicide (Hu et al. 2023). While we have restricted our sample to those under
age 75 due to this limitation, if diagnoses are geographically patterned, this may confound
our study. Third, people can choose where to live, resulting in self-selection bias to live
in particular areas. This means that sex ratio is not randomly assigned and there may be
systematic differences among people who opt to live in male- or female-biased counties.
The largest influence on county-level sex ratios is likely migration and incarceration. The
disproportionate incarceration of African American men in the American prison system
results in female-biased African American communities (Pouget et al. 2010; Pouget 2017).
Further, young adults (aged 18–24) are more likely to move than any other group (Benet-
sky et al. 2015), and if that migration leads to sex-biased relocations, for instance, young
women moving at higher rates to counties with large university populations and young
men moving at higher rates to military facilities, then we expect to see biased sex-ratios
due to migration. For instance, the county with the most male-biased sex ratio among
people aged 15–34 is Chattahoochee County, GA with 76% men. It is home to the Fort
Benning military base. In contrast, the county with the most female-biased sex ratio at ages
15–34 is Fredericksburg, VA, with 57% women, home to University of Mary Washington,
whose student population is 64% women (College Factual n.d.). People who are unhappy
about their opportunities for marriage and partnership may migrate to places with more
favorable sex ratios, although it is those who are unable to relocate who may experience
depression, hopelessness, and possibly suicidal behaviors.

One factor that is recognized as a risk factor for suicidal behavior is identifying as
transgender, gender nonconforming, gay, lesbian, or bisexual (Haas et al. 2014; King et al.
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2008). The data we utilized identified people as biologically male or female at their death,
without regard for gender identity. Furthermore, our theoretical framework focuses on
heterosexual mating markets, which are not relevant for people with same-sex sexual
orientation. There may be similar mating market effects for homosexual relationships;
however, we would need to collect data on gender identity and sexual orientation in
order to ascertain this. This information is now being collected by the National Violent
Death Reporting System (Haas and Lane 2015). Future research should explore how these
demographic traits correlate with suicide rates.

5. Conclusions

In conclusion, suicide results in over 45,000 deaths in the United States each year,
but a full understanding of suicide etiology is lacking. We examine whether county-
level sex ratio is associated with suicide rates, after controlling for known confounds,
and examine possible mediators. The results show that, as expected, male-biased sex
ratios are associated with increased suicide rates for men aged 35–54 and 55–74 and this
effect is mediated by marriage rates. Counter to predictions, male-biased sex ratios are
also associated with higher female suicide rates at older ages, with operational sex ratio
mediating the relationship for women 35–54 and 55–74. These results suggest that marriage
reduces suicide rates for men, particularly after the age of 35. The effects for women
show that higher proportions of unmarried men (compared to unmarried women) is
associated with increased suicide rates for women. The mechanisms influencing these
relationships should be explored in more detail in future research. Prior research has
shown that marriage is protective against mental illness and suicidal behavior; however,
recognizing that marriage opportunity is influenced by ecological factors allows researchers
to understand the downstream effects of sex ratio on suicidal behavior.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/socsci12070388/s1, Table S1: AIC values for models with (lmer)
and without (lm) random intercepts for US state. In all models, the model with a random intercept
for state significantly improves the AIC score; Figure S1: Density Plots of Suicide Rates; Figure S2:
Density Plots of Sex Ratio; Table S2: Correlation Matrix; Table S3: Linear mixed-effects models with
random intercepts for each state for age-sex categories predicting (a) crude (non-missing) suicide rate,
(b) rate for more populated counties and (c) multiple imputation for missing values; Figure S3: Beta
values of sex ratio predicting suicide rate in US counties for different age-sex groups in a linear mixed-
effects model with random intercepts for each state controlling for unemployment rate (log), percent
veterans (log), percent of people identifying as American Indian or Alaskan Native (by itself, or with
another ‘race’; log transformed), the percent of people who do not identify as white (log), median
household income (log), population density (log), and percent change in population from 2000 to
2010. Sex ratio is calculated using estimates of the non-imprisoned population: non-imprisoned men
divided by total non-imprisoned persons. Analysis types include: ‘crude’ (non-missing) rates of
suicide (red), ‘imputed’ rates of suicide (derived from a model with multiple imputation, green), and
‘populated’ representing a model that only includes more-heavily populated counties to reduce the
bias of missingness. Error bars represent 95% confidence intervals. The vertical dotted line represents
a beta = 0 (no effect); Table S4: Results of Mediation Analyses (see Figure 1 in main text for visual
depiction).
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