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Abstract

Objective

Over 12% of women in the United States have reduced fertility and/or fecundity. Environ-
mental factors, such as temperature, and socioeconomic factors have been implicated in
reducing female fecundity. The purpose of this study is to investigate the effect of environ-
mental factors coupled with socioeconomic factors on birth rate at the country-level. We use
birth rate as a proxy for female fecundity. This will enable us to identify the most important
factors affecting female fecundity.

Methods

Using country-specific data from 182 countries, we constructed a regression model of the
effects of environmental and socioeconomic factors on birth rate at the country-level. Our
model assesses the role of temperature, Gross Domestic Product (GDP) per capita, fine air
particulate matter (PM 2.5), and prevalence of male and female Body Mass Index (BMI) > =
25 (age-standardized) on birth rate per country. Because many of these factors are inter-
dependent, we include all possible two-way interaction terms to assess the role of individual
factors and interactions between multiple factors in the model.

Results

In the full regression model, we found that GDP per capita along with 5 interaction terms
were significant after adjusting for multiple testing. Female BMI was only nominally signifi-
cant. GDP per capita was independently associated with birth rate (adjusted p-value
<0.001). Prevalence of BMI > = 25 age-standardized in males and females were also signifi-
cant when interacting with air pollution or GDP on female fecundity (birth rate). Temperature
did not affect birth rate either independently or as an interaction unless BMI was removed
from the model.
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Conclusion

A country’s economic wealth was the most significant factor in predicting birth rate in a sta-
tistical model that includes environmental and socioeconomic variables. This is important
for future studies investigating environmental factors involved in increasing or decreasing
female fecundity.

Introduction

Over 12% of women in the United States have reduced fertility and/or fecundity [1]. Maternal
birth season plays an important role in fertility in women [2-4]. Other fertility-related pro-
cesses have been linked to birth season including the time of menarche [5] and menopause [6]
in women. The main hypothesized biological mechanism underlying this relationship was that
oocytes’ exposure to high temperatures at birth resulted in increased oocyte loss early in life
[2, 7-9]. This reduction in oocyte volume thereby reduces a woman’s fertility when she goes to
bear children later in life. This hypothesis was supported by the results from studies conducted
in Austria [3], New Zealand [10] and NYC [2]. However, results from Vietnam [11] and
Romania [12] appeared to find the opposite result, namely females born in high heat environ-
ments had increased fertility. This reveals an incomplete understanding regarding the relation-
ship between seasonal temperature variation and female fertility/fecundity later in life.

Other factors are known to affect female fecundity and birth rate. High socioeconomic sta-
tus (SES), which is related to income, is inversely correlated with fertility and birth rate [13,
14]. High-income countries provide their citizens with increased access to birth control meth-
ods and other forms of contraception[15]. Thereby affecting the birth rate. In addition fine air
particulates (PM 2.5) or air pollution has been shown to affect the fertility rate [16] with a
sperm related effect also reported [17]. On a global scale, air pollution is linked to poor coun-
tries (i.e., lower GDP) as poor countries often have more factories. This explains why countries
with higher GDP often have improved environmental factors [18]. Finally, both male [19] and
female [20] Body Mass Index (BMI) have been linked to birth rate and fertility outcomes
through separate mechanisms. Furthermore, studies have stressed the importance of female
waist-to-hip ratio in fertility with waist-to-hip ratio being more informative then BMI [21].

The purpose of this study is to investigate the relationship between environmental factors
and socioeconomic factors on female fecundity as measured using birth rate. We aim to mea-
sure this at the country-level to simultaneously assess the effects of multiple socioeconomic
and environmental factors from around the world on female fecundity (i.e., birth rate). We
will also include interactions between the various inter-dependent factors to reveal the stron-
gest global determinants in female fecundity.

Materials and methods

Integrating data from global datasets on birth rate and socioeconomic and
environmental factors

We assembled a country-specific dataset on birth rate and other socioeconomic and environ-
mental factors using data integrated from publically available data sources. For female fecun-
dity, we used country-specific birth rate per 1,000 population as a proxy. To obtain birth rate
data, we used data collected and maintained by the Central Intelligence Agency (CIA) [22].
For environmental factors, we obtained average annual temperature per country as measured
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Table 1. Global data containing variables included in the fertility-temperature models.

Variable Source/Agency Housing Data

Female Fecundity:

Birth rate per 1000 population Central Intelligence Agency
Environmental Factors:
Average annual temperature in Celsius from 1961-1990 Climatic Research Unit
/Wikipedia
Fine Particulate Matter (PM 2.5) World Health Organization

Socioeconomic Factors:

Gross Domestic Product per Capita in 2016 WorldBank.org

Prevalence of Body Mass Index > = 25 (Age-Standardized) for Males and Females | World Health Organization
from 2014

https://doi.org/10.1371/journal.pone.0207932.t001

Total Num. Countries Included in
Dataset

226

191

185

264
195

Ref.

in Celsius. This was obtained from the Climatic Research Unit [23]. We also obtained fine par-

ticulate matter (PM 2.5) from the World Health Organization (WHO). PM 2.5 data was

obtained from the WHO’s Data Integration Model for Air Quality (DIMAQ). DIMAQ pro-
duces estimates of air pollution based on ground measurements and satellite retrievals of aero-
sol optical depth and chemical transport models [24]. The DIMAQ provides global annual
exposures of PM 2.5 levels at high spatial resolution, which equates to approximately 11x11
kilometers at the equator. Data used in this paper is annual global estimates from 2014. For

socioeconomic factors, we used the Gross Domestic Product (GDP) per Capita in 2016 from

the WorldBank.org [25] to provide an overall assessment of a country’s wealth. We also

included the prevalence of Body Mass Index (BMI) > = 25 (age-standardized) for males and
females separately for each country. Each factor included in our analysis along with sources

and agencies used to obtain the data are included in Table 1.

We included the total number of countries included in each dataset in Table 1 to illustrate
the variance across datasets. Determining the number of independent countries in the world is
complex. There are 193 countries that are recognized as such by the United Nations (UN) with
2 countries—Vatican City and Palestine-having ‘permanent observer’ status at the UN [27]. In
addition, 2 states—-Kosovo and Taiwan-are only recognized by subsets of UN members [27].
According to the CIA World Factbook, and as of 2018, there are 195 recognized independent
countries [28]. We used these 195 countries as our definitive list of ‘countries’ with mappings
available to the International Standards Organization (ISO) Alpha-3 standard country codes

[28].

Clearly, some datasets contained many more country names (sometimes including non-
independent states), especially the birth rate dataset and the Gross Domestic Product (GDP)
dataset with 226 and 264 countries respectively. The GDP dataset also included assessments of
regions that were given their own country codes, but were in fact groupings of other countries

already included in the dataset. Therefore, we decided to integrate these datasets together,

understanding that we would have at most only 185 countries captured in the integrated data-
set because the air pollution dataset did not contain data from the all 195 independent coun-
tries. Whenever possible, we utilized the ISO Alpha-3 standard country codes to map across
datasets. In some cases, this was not possible and we used the country names to map across
datasets. However, different datasets used different nomenclatures for country-names. The

birth rate and temperature datasets contained country names without corresponding ISO

Alpha-3 codes. All records were manually reviewed to ensure that harmonization was accurate.
Opverall, our dataset contained information on six variables: birth rate, average air pollution,
and average country temperature, GDP from 2016, BMI for males and BMI for females from
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182 countries (S1 Dataset). This dataset captures 93.3% (182/195) of the independent states
from around the world. Thirteen recognized independent countries by the CIA are missing
from these analysis [28]. These thirteen countries are: Saint Kitts and Nevis, Liechtenstein,
Monaco, Marshall Islands, Nauru, Palau, San Marino, South Sudan, Tonga, Tuvalu, Taiwan,
Vatican City and Samoa. Our dataset of 182 countries is missing GDP information for 12
countries (Timor-Leste, Eritrea, North Korea, Djibouti, Papua New Guinea, Cuba, Syria, Iran,
Libya, Venezuela, Andorra and Kuwait). and male and female BMI for 1 country (the Sudan).

Regression model for relationship between environmental and
socioeconomic factors and birth rate

We constructed a linear regression model with birth rate as the outcome variable. This is linear
regression and therefore, we are predicting the actual birth rate per 1,000 individuals in the
population and we did not use a binned birth rate statistic. We included in this full model,
known predictors of fecundity (birth rate), including environmental factors: temperature and
air pollution, socio-economic: GDP per capita and lifestyle: prevalence of BMI> = 25 (age-
standardized) for males and females per country. We also included in this model pairwise
interaction terms due to the inherent interdependency of these variables. A total of 16 terms
were included in the model, including the intercept term, 5 covariates, and 10 interaction
terms. We report the raw p-values, and also the Bonferroni-adjusted p-values (adjusted for 16
tests).

Regression model for relationship between environmental and
socioeconomic factors and birth rate without including body mass index

We also constructed a linear regression model excluding the two BMI factors. We again mod-
eled birth rate as the outcome variable, and the following set of dependent variables: annual
temperature, GDP, and fine air particulates (PM 2.5). In addition three pairwise interaction
terms were included in the model (interaction of temperature and pollution; interaction of
GDP and pollution and interaction of GDP and temperature). This model is the same as the
one described in section 2.2 except that we removed the male and female BMI terms and their
corresponding interaction terms.

Results
Global variance in birth rate and associated factors

We investigated the relationship between fecundity (birth rate) and two environmental fac-
tors-temperature and air pollution-and also socio-economic factors~GDP, male and female
BMI. We found that the prevalence of males with BMI > = 25 (age-standardized) was inversely
correlated with fecundity across all countries (Fig 1). Interestingly, female BMI exhibited a dif-
ferent pattern. In countries with lower fecundity (between 10-20 births per 1,000 population),
the prevalence of females with BMI> = 25 (age-standardized) was positively correlated with
fecundity. However, when a country’s fecundity passed a certain threshold (around 20) then
the prevalence of females with BMI > = 25 (age-standardized) became inversely correlated
(Fig 1). Importantly, poor countries (low GDP) had higher air pollution and were warmer
overall (Fig 1). This is an important consideration for analyses that demonstrate the effect of
temperature on fecundity and was part of our motivation to include all factors into our global
analysis of factors affecting female fecundity.

The global variation in birth rate and its correlated factors can also be observed from the
maps (Fig 2). Asia, South America and Africa have high temperatures and in general high

PLOS ONE | https://doi.org/10.1371/journal.pone.0207932 November 27, 2018 4/12


https://doi.org/10.1371/journal.pone.0207932

o @
@ ’ PLOS ‘ ONE A model investigating environmental factors that play a role in female fecundity or birth rate

0e+00 8e+04 20 60 100 20 50 80
| I T I O I | | I I | | I I I
Birthrate| | p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 [ _
- ™
r=-0.51 r=0.53 r=0.33 r=-0.76 r=-0.46 | 5
g - ¢
2 ., GDP p<0.001 p= 0.005 p<0.001 p= 0.001
(9] —;,{
T 0.42 0.21 0.56 0.24
o —e | r=-0. r=-0. r=0. r=0.
E —M’
o
Temp p<0.001 p<0.001 p=0.235 [
r=0.29 r= -0.47 r=-0.089 [
0
— ]
3
3
o r= —0.081
(aV]
| O
N~
p<0.001 [
[ o
B =
=0.82 [
- o
2
BMI_F
o
0
o
Al

10 30 -5 5 156 10 40 70

Fig 1. Correlation plots for birth rate and other factors known to affect birth rate including: Temperature, GDP, PM 2.5, BMI among Males (M) and females (F)
On a global scale. Birth rate was correlated or anti-correlated with each factor known to play a role in female fecundity. 182 countries across the globe were included in
this analysis. The red lines in the scatterplots located in the lower quadrant are lines derived using Locally Weighted Scatterplot Smoothing (LOWESS). These lines
provide the overall shape of the distribution.

https://doi.org/10.1371/journal.pone.0207932.9001

fecundity (birth rate). However, these countries are also poorer (low GDP) and are exposed to
higher air pollution levels (Fig 2). These countries also have lower prevalence of BMI > = 25
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Fig 2. Global variation is evident in birth rate (i.e., fecundity), annual temperature, GDP, air pollution (PM 2.5) and body mass index (BMI) in both males and
females. Many variables that affect fertility vary across the globe along with birth rate. Therefore, statistical models that explain this variation can help inform our
understanding of the factors underlying the female fertility-birth season relationship.

https://doi.org/10.1371/journal.pone.0207932.9002

(age-standardized) for females and males. (Fig 2), which could be driven by the type of work
they engage in (e.g., increased manual labor).

Many of the factors that are involved in fecundity are also correlated or anti-correlated with
each other. Therefore, regression models that include interaction terms are important to cap-
ture this source of variation. Fig 1 illustrates the correlation among the six factors. Birth rate
on its own was significantly correlated with each variable. Therefore each was included in the
regression model described in section 3.2. Birth rate was negative correlated with GDP (R =
-0.51, p<0.001), positively correlated with temperature (R = 0.53, p<0.001), slightly positively
correlated with air pollution (R = 0.33, p<0.001) and negatively correlated with male and
female BMI (R = -0.76 and R = -0.46, respectively). Interestingly, male BMI was more strongly
correlated with birth rate then female BMI. However, this is likely due to the interaction
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between GDP, pollution and BMI among males (often low-income males work in more labor
intensive occupations). Hence our regression model (described in section 3.2) includes addi-
tional interaction terms to determine the most important factors.

Regression model results for birth rate: Integrating data from across the
globe

Our comprehensive model of environmental and socioeconomic factors and their role on
female fecundity (birth rate) included average temperature per country from 1961-1990, GDP
per capita, average air pollution (PM 2.5) and prevalence of BMI > = 25 (age-standardized)
for males and females. We also included 10 pairwise interaction terms in the model. We report
nominal p-values and also Bonferroni adjusted p-values (adjusting for 16 tests—one test for
each factor included in the model). The model results are shown in Table 2.

Both female BMI and GDP per capita were nominally significant (p-value <0.05) in the
model for birth rate. Although prevalence of female BMI > = 25 was not significant after
adjusting for multiple testing (Table 2). After adjusting for multiple testing, GDP per capita
was still significantly negatively correlated with birth rate (p<0.001). Five interaction terms
were also significant.

Significant interaction terms included an interaction between male and female BMI > = 25
(age-standardized); GDP and BMI (male and female each a separate term); and air pollution

Table 2. Regression model with BMI Included as confounder.

Variable Included in Model

Estimate | CI2.5% CI97.5% | P-value Adjusted P-

value
Covariates
Average Temperature 1961-1990 (Celsius) -0.11 -0.81 0.60 0.77 1
GDP per Capita in 2016 USD -8.02X -0.0012 -0.0005 1.18 X 1.88X10™*
107 10°°
Annual Estimated Average PM 2.5 in 2014 -0.30 -0.604 0.008 0.06 0.90
Prevalence Male BMI > = 25 (age-standardized) in 2014 -0.33 -0.71 0.042 0.08 1
Prevalence Female BMI > = 25 (age-standardized) in 2014 -0.47 -0.92 -0.02 0.04 0.65
Interaction Terms
(term 1 : term 2)
Prevalence Male BMI > = 25 (age-standardized) in 2014: Prevalence Female BMI > = 25 (age- | 6.51 X 107 226X 0.01 0.003 0.046
standardized) in 2014 1072
Temperature in C: GDP per Capita in 2016 USD 9.91X10°° -3.98X 2.02X 0.06 0.95
1077 107
Temperature in C: Annual Estimated PM 2.5 in 2014 330X 1072 -9.00 X 0.016 0.60 1
10°?
Temperature in C: Prevalence Male BMI > = 25 (age-standardized) in 2014 -0.015 -0.032 0.001 0.07 1
Temperature in C: Prevalence Female BMI > = 25 (age-standardized) in 2014 0.015 -0.004 0.034 0.13 1
GDP per Capita in 2016 USD : Prevalence Female BMI > = 25 (age-standardized) in 2014 -1.57X -247X | -6.64 X 7.84X 0.013
107 107 [10°° 10*
Annual Estimated PM 2.5 in 2014: Prevalence Female BMI > = 25 (age-standardized) in 2014 0.019 0.009 0.029 2.89X 0.005
10*
GDP per Capita in 2016 USD: Prevalence Male BMI > = 25 (age-standardized) in 2014 2.29X107 141X 317X 8.68 X 1.39X10°°
107° 10° 10”7
Annual Estimated PM 2.5 in 2014: Prevalence Male BMI > = 25 (age-standardized) in 2014 -0.016 -0.026 -0.006 0.002 0.038
GDP per Capita in 2016 USD: Annual Estimated PM 2.5 in 2014 -1.75X -6.31X 2.80 X 0.45 1
10°° 10°° 10°°

P-values are bold if they are significant (<0.05), and rows containing significant terms are shown in grey

https://doi.org/10.1371/journal.pone.0207932.t1002
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and BML. The air pollution (PM 2.5) term was not associated with birth rate in the full model
(unadjusted p = 0.06, and adjusted p = 0.90), but only interactions between air pollution and
BMLI. Overall, prevalence of female BMI > = 25 (age-standardized) was nominally significant
in determining birth rate independently and also via indirect mechanisms (i.e., GDP, air pollu-
tion, male BMI); whereas, prevalence of male BMI > = 25 (age-standardized) was not indepen-
dently associated with birth rate. This indicates that the strong anti-correlation between
prevalence of male BMI > = 25 (age-standardized) and female fecundity is through correlation
with other variables (Fig 1).

Regression model predicting birth rate without body mass index

The model result for our linear regression model constructed without the two BMI terms is
shown in Table 3. This model is the same as the one described in section 2.2 except that we
removed the male and female BMI terms and their corresponding interaction terms. We used
this second model to determine how the inclusion of BMI affects the environmental factors
relationship with fecundity (birth rate). Temperature and the interaction term for temperature
and GDP were significant. Importantly, GDP was not significant in this model, but only the
interaction between GDP and temperature.

Without BMI in the model, temperature and the interaction of temperature and GDP were
significantly associated with birth rate. Importantly temperature was positive associated with
fecundity (estimate = 0.65, adjusted p-value = 0.009). The interaction between temperature
and GDP was significant with adjusted p-value = 2.38 X 10~* (Table 3). None of the air pollu-
tion terms in this model were significant.

Discussion

In this study, we constructed a country-level model of factors involved in fecundity (birth rate)
using data from 182 countries across the world. A high-level global analysis was performed to
look at factors correlated with birth rate on the global scale to identify the most important fac-
tors in female fecundity or birth rate. We modeled interactions between multiple factors
because of the high-degree of interdependency among factors. Overall, we found that a coun-
try’s economic wealth (i.e., GDP per capita) was the most significant in predicting fecundity in
a full model that includes male and female BMI (Table 2). Air pollution (PM 2.5) and BMI
were also important contributory factors (as interaction terms) in predicting fecundity (birth
rate). However, temperature did not affect birth rate either independently or as an interaction

Table 3. Regression model results for factors that influence birth rate without including BMI.

Variable Included in Model
Covariates

Average Temperature 1961-1990
GDP per Capita in 2016

PM 2.5

Interaction Terms
(term 1 : term 2)

Temperature: GDP
Temperature: PM 2.5
GDP: PM 2.5

Estimate CI2.5% CI 97.5% P-value Adjusted P-value
0.65 0.205 0.819 0.001 0.009
7.26X107° -5.07X107° 1.96 X 107* 0.246 1
-0.038 -0.307 0.232 0.781 1
-2.05X107° -3.01X107° -1.10X107° 3.40X107° 2.38X107*
0.007 -0.004 0.019 0.195 1
-1.50X107° -5.13X10°° 2.14X10°° 0.417 1

P-values are bold if they are significant (<0.05), and rows containing significant terms are shown in grey

https://doi.org/10.1371/journal.pone.0207932.t003

PLOS ONE | https://doi.org/10.1371/journal.pone.0207932 November 27, 2018 8/12


https://doi.org/10.1371/journal.pone.0207932.t003
https://doi.org/10.1371/journal.pone.0207932

®PLOS | one

A model investigating environmental factors that play a role in female fecundity or birth rate

unless the BMI terms were removed from the model (i.e., prevalence of BMI > = 25 in males
and females, age-standardized).

Many studies have pointed to the role of temperature on female fecundity. Some studies
point to an in-direct mechanism, through impairment of the male’s fertility. Spermatogenesis
in males is impaired when temperature increases resulting in impaired fertility [29]. This sug-
gests that certain seasons of the year may result in increased fertility periods due to increases
in sperm viability and quality [30]. Male sperm motility and/or concentration (but not quality)
have been linked to seasonally dependent variables including vitamin D [31] and vitamin C
(ascorbic acid) [32]. Many of these seasonally dependent variables (e.g., vitamin D) are also
related to temperature variation in different regions of the world. However, the results of our
model point to the role of income (GDP) on female fecundity and interactions between GDP
and BM]I, air pollution (PM 2.5) and GDP on female fecundity. Temperature was insignificant
in the model with BMI (Table 2), but was significant in the model without BMI (Table 3).
Studies in insects have shown that temperature and the size of the female were both important
in determining fecundity indicating that temperature was not the only variable of importance
[33]. Studies in humans have shown that body fat distribution was more important in fertility
outcomes then age or obesity status [34] indicating the importance not only of BMI but also
body fat distribution on fecundity.

Importantly, we include the results of the model without the inclusion of the male and
female BMI parameters (i.e., prevalence of BMI> = 25, age-standardized) in Table 3. In the
model without BMI, temperature was a significant factor even after adjusting for multiple test-
ing (p = 0.009). Temperature is highly correlated with many other variables that are important
in fecundity, which was the rationale for constructing this global model. In addition, the signif-
icant interaction terms point to the importance of capturing the inherent inter-dependency
among a number of these variables (Fig 1). In addition, the significant interaction term may
point to a third un-measured variable that is underlying both factors that could explain the
fecundity effect.

Significant factors in the full model (Table 2) demonstrate the importance of other factors
(e.g., BMI) and their interactions with environmental factors (BMI and air pollution) on
female fertility and birth rate on a global scale. This is important because many of these factors
correlate with temperature indicating that earlier work seeking to demonstrate a relationship
between perinatal exposure of females to high temperatures decreases female fertility later in
life may be capturing an environmental exposure that is coupled with temperature, but not
temperature itself [2, 3, 10-12].

Importantly, our analysis focuses on birth rate, which is a measure of fecundity. We are not
able to assess the number of pregnancies lost in various countries and how variance in preg-
nancy loss (i.e., spontaneous abortion or miscarriage) affects a country’s birth rate. Pregnancy
loss is very difficult to capture in many countries due to lack of reporting. Even outcomes such
as preterm birth and still birth (which are easier to capture then pregnancy loss) are still diffi-
cult to capture globally [35]. This is why we restricted our analyses to birthrate. Temperature
has been implicated in pregnancy loss and conception rates in several studies among dairy
cows [36-39]. We have found that temperature was only significantly related to a country’s
birth rate if BMI was excluded (Table 3). However, in a full model that includes male and
female BMI, the GDP of the country was the most significant variable along with interactions
between air pollution, BMI and GDP (Table 2). Some of these findings could be related to our
inability to assess the pregnancy loss rate across countries.

There are several limitations to this study. First, we perform a global analysis investigating
each country equally. However, not all countries are the same size. We use statistics such as
birth rate per 1,000 population and GDP per capita, which should help to address some of
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these issues. However, there are some fundamental differences between large and small coun-
tries that are not fully addressed by our methods. Therefore, this remains a limitation of our
approach. We only investigated variables that have been reported to impact female fecundity
and that had data available at the country-level for the majority of countries included in our
study. Therefore, not every factor implicated in female fecundity was included in our model.
The major factors (income, body mass, temperature and air pollution) were included.

Conclusions

In conclusion, we constructed a global model of female fecundity using data from 182 coun-
tries. Our model captured known environmental and socioeconomic factors that have been
implicated in reducing or increasing female fecundity. We included at the country-level mea-
sures of average annual temperature, average air pollution, GDP per capita and prevalence of
BMI > = 25 for males and females (age-standardized). We also included interaction terms to
capture the inherent inter-dependency among many of these factors. We found that GDP per
capita was independently associated with fecundity (birth rate). In addition, air pollution (PM
2.5), and BMI were important contributory factors as interaction terms. BMI was found in sig-
nificant interactions with GDP and air pollution. Annual temperature was only significant in
the model that did not include BMI pointing to other mechanisms underlying the temperature
to fecundity relationship.

Ethics approval and consent to participate

This study only includes publically available data. No patient-level data was used only aggre-
gate statistics therefore no consent was required to conduct this study.

Supporting information

S1 Dataset. Global fertility model dataset. All data included in the global fertility model for
182 countries is provided in this file.
(CSV)

Acknowledgments

This project was made possible by generous funding from the Perelman School of Medicine,
University of Pennsylvania.

Author Contributions
Conceptualization: Mary Regina Boland.
Data curation: Mary Regina Boland.

Formal analysis: Mary Regina Boland.
Funding acquisition: Mary Regina Boland.
Investigation: Mary Regina Boland.
Methodology: Mary Regina Boland.

Project administration: Mary Regina Boland.
Resources: Mary Regina Boland.

Software: Mary Regina Boland.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207932 November 27, 2018 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207932.s001
https://doi.org/10.1371/journal.pone.0207932

®PLOS | one

A model investigating environmental factors that play a role in female fecundity or birth rate

Validation: Mary Regina Boland.

Visualization: Mary Regina Boland.

Writing - original draft: Mary Regina Boland.

Writing - review & editing: Mary Regina Boland.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

CDC. Is Infertility a Common Problem? Accessed in November 2017. 2017;<https://www.cdc.gov/
reproductivehealth/infertility/index.htm>.

Boland MR, Shahn Z, Madigan D, Hripcsak G, Tatonetti NP. Birth month affects lifetime disease risk: a
phenome-wide method. Journal of the American Medical Informatics Association. 2015; 22:1042-53.
https://doi.org/10.1093/jamia/ocv046 PMID: 26041386

Huber S, Fieder M, Wallner B, Moser G, Arnold W. Brief communication: birth month influences repro-
ductive performance in contemporary women. Hum Reprod. 2004; 19(5):1081—-2. Epub 2004/05/04.
https://doi.org/10.1093/humrep/deh247 PMID: 15121731.

Hurtado AM, Hill KR. Seasonality in a Foraging Society: Variation in Diet, Work Effort, Fertility, and Sex-
ual Division of Labor among the Hiwi of Venezuela. Journal of Anthropological Research. 1990; 46
(3):293—-346. https://doi.org/10.1086/jar.46.3.3630428

Gueresi P. Monthly distribution of menarche in three provinces of North Italy. Annals of Human Biology.
1997; 24(2):157-68. https://doi.org/10.1080/03014469700004892 PMID: 9074751

Cagnacci A, Pansini FS, Bacchi-Modena A, Giulini N, Mollica G, De Aloysio D, et al. Season of birth
influences the timing of menopause. Human Reproduction. 2005; 20(8):2190-3. https://doi.org/10.
1093/humrep/dei040 PMID: 15890738

Hansen PJ. Early embryonic loss due to heat stress. Bovine Reproduction. 2015:580-8.

Edwards JL, Hansen PJ. Differential responses of bovine oocytes and preimplantation embryos to heat
shock. Molecular reproduction and development. 1997; 46(2):138—45. https://doi.org/10.1002/(SICI)
1098-2795(199702)46:2<138::AID-MRD4>3.0.CO;2-R PMID: 9021745

Kemkes A. The impact of maternal birth month on reproductive performance: controlling for socio-
demographic confounders. Journal of biosocial science. 2010; 42(2):177-94. https://doi.org/10.1017/
S002193200999054X PMID: 20018119

Huber S, Didham R, Fieder M. Month of birth and offspring count of women: data from the Southern
hemisphere. Hum Reprod. 2008; 23(5):1187-92. Epub 2008/03/11. https://doi.org/10.1093/humrep/
den079 PMID: 18326861; PubMed Central PMCID: PMC2981771.

Huber S, Fieder M. Strong association between birth month and reproductive performance of Vietnam-
ese women. American journal of human biology: the official journal of the Human Biology Council. 2009;
21(1):25-35. Epub 2008/06/19. https://doi.org/10.1002/ajhb.20799 PMID: 18561148; PubMed Central
PMCID: PMC3072539.

Huber S, Fieder M. Perinatal winter conditions affect later reproductive performance in Romanian
women: intra and intergenerational effects. American journal of human biology: the official journal of the
Human Biology Council. 2011; 23(4):546-52. Epub 2011/06/02. https://doi.org/10.1002/ajhb.21184
PMID: 21630366.

Dribe M, Hacker JD, Scalone F. The impact of socio-economic status on net fertility during the historical
fertility decline: A comparative analysis of Canada, Iceland, Sweden, Norway, and the USA. Population
Studies. 2014; 68(2):135-49. https://doi.org/10.1080/00324728.2014.889741 PMID: 24684711

Bollen KA, Glanville JL, Stecklov G. Socio-economic status, permanent income, and fertility: A latent-
variable approach. Population studies. 2007; 61(1):15-34. https://doi.org/10.1080/
00324720601103866 PMID: 17365871

Chandra-Mouli V, McCarraher DR, Phillips SJ, Williamson NE, Hainsworth G. Contraception for adoles-
cents in low and middle income countries: needs, barriers, and access. Reproductive Health. 2014; 11
(1):1. https://doi.org/10.1186/1742-4755-11-1 PMID: 24383405

Nieuwenhuijsen MJ, Basagana X, Dadvand P, Martinez D, Cirach M, Beelen R, et al. Air pollution and
human fertility rates. Environment International. 2014; 70:9—-14. http://dx.doi.org/10.1016/j.envint.2014.
05.005. PMID: 24879367

Hammoud A, Carrell DT, Gibson M, Sanderson M, Parker-Jones K, Peterson CM. Decreased sperm
motility is associated with air pollution in Salt Lake City. Fertility and Sterility. 2010; 93(6):1875-9. http:/
dx.doi.org/10.1016/j.fertnstert.2008.12.089. PMID: 19217100

PLOS ONE | https://doi.org/10.1371/journal.pone.0207932 November 27, 2018 11/12


https://www.cdc.gov/reproductivehealth/infertility/index.htm
https://www.cdc.gov/reproductivehealth/infertility/index.htm
https://doi.org/10.1093/jamia/ocv046
http://www.ncbi.nlm.nih.gov/pubmed/26041386
https://doi.org/10.1093/humrep/deh247
http://www.ncbi.nlm.nih.gov/pubmed/15121731
https://doi.org/10.1086/jar.46.3.3630428
https://doi.org/10.1080/03014469700004892
http://www.ncbi.nlm.nih.gov/pubmed/9074751
https://doi.org/10.1093/humrep/dei040
https://doi.org/10.1093/humrep/dei040
http://www.ncbi.nlm.nih.gov/pubmed/15890738
https://doi.org/10.1002/(SICI)1098-2795(199702)46:2<138::AID-MRD4>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1098-2795(199702)46:2<138::AID-MRD4>3.0.CO;2-R
http://www.ncbi.nlm.nih.gov/pubmed/9021745
https://doi.org/10.1017/S002193200999054X
https://doi.org/10.1017/S002193200999054X
http://www.ncbi.nlm.nih.gov/pubmed/20018119
https://doi.org/10.1093/humrep/den079
https://doi.org/10.1093/humrep/den079
http://www.ncbi.nlm.nih.gov/pubmed/18326861
https://doi.org/10.1002/ajhb.20799
http://www.ncbi.nlm.nih.gov/pubmed/18561148
https://doi.org/10.1002/ajhb.21184
http://www.ncbi.nlm.nih.gov/pubmed/21630366
https://doi.org/10.1080/00324728.2014.889741
http://www.ncbi.nlm.nih.gov/pubmed/24684711
https://doi.org/10.1080/00324720601103866
https://doi.org/10.1080/00324720601103866
http://www.ncbi.nlm.nih.gov/pubmed/17365871
https://doi.org/10.1186/1742-4755-11-1
http://www.ncbi.nlm.nih.gov/pubmed/24383405
http://dx.doi.org/10.1016/j.envint.2014.05.005
http://dx.doi.org/10.1016/j.envint.2014.05.005
http://www.ncbi.nlm.nih.gov/pubmed/24879367
http://dx.doi.org/10.1016/j.fertnstert.2008.12.089
http://dx.doi.org/10.1016/j.fertnstert.2008.12.089
http://www.ncbi.nlm.nih.gov/pubmed/19217100
https://doi.org/10.1371/journal.pone.0207932

®PLOS | one

A model investigating environmental factors that play a role in female fecundity or birth rate

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Grossman GM, Krueger AB. Economic Growth and the Environment*. The Quarterly Journal of Eco-
nomics. 1995; 110(2):353-77. https://doi.org/10.2307/2118443

Kort HI, Massey JB, Elsner CW, Mitchell-Leef D, Shapiro DB, Witt MA, et al. Impact of body mass index
values on sperm quantity and quality. Journal of andrology. 2006; 27(3):450-2. https://doi.org/10.2164/
jandrol.05124 PMID: 16339454

Clark AM, Thornley B, Tomlinson L, Galletley C, Norman RJ. Weight loss in obese infertile women
results in improvement in reproductive outcome for all forms of fertility treatment. Human Reproduction.
1998; 13(6):1502-5. https://doi.org/10.1093/humrep/13.6.1502 PMID: 9688382

Wass P, Waldenstrom U, Réssner S, Hellberg D. An android body fat distribution in females impairs the
pregnancy rate of in-vitro fertilization-embryo transfer. Human reproduction (Oxford, England). 1997; 12
(9):2057-60. PMID: 9363729

CIA. Country Comparison: Birth Rate. 2017;<https://www.cia.gov/library/publications/the-world-
factbook/rankorder/2054rank.html> (Accessed on August 18, 2017).

Wikipedia. List of countries by average yearly temperature. 2017;<https://en.wikipedia.org/wiki/List_of
countries_by_average_yearly_temperature> (Accessed on August 18, 2017).

WHO. Modelled Global Ambient Air Pollution Estimates. 2017;<http://www.who.int/phe/health_topics/
outdoorair/databases/modelled-estimates/en/> (Accessed on August 22, 2017).

WorldBank.org. GDP per Capita All Countries and Economies. 2017;<http://data.worldbank.org/
indicator/NY.GDP.PCAP.CD> (Accessed on August 18, 2017).

WHO. Global Health Observatory data repository Age Standardized Body Mass Index. 2017;<http://
apps.who.int/gho/data/node.main.A897A?lang=en> (Accessed on August 22, 2017).

List of Countries of the World. 2018;<https://www.countries-ofthe-world.com/> (Accessed in June
2018).

Statoids. Country Codes. 2018;<http://www.statoids.com/wab.htmI> (Accessed on September 08,
2018).

Thonneau P, Bujan L, Multigner L, Mieusset R. Occupational heat exposure and male fertility: a review.
Human Reproduction. 1998; 13(8):2122-5. https://doi.org/10.1093/humrep/13.8.2122 PMID: 9756281

Centola GM, Eberly S. Seasonal variations and age-related changes in human sperm count, motility,
motion parameters, morphology, and white blood cell concentration. Fertility and Sterility. 1999; 72
(5):803-8. http://dx.doi.org/10.1016/S0015-0282(99)00395-7. PMID: 10560981

Blomberg Jensen M, Bjerrum PJ, Jessen TE, Nielsen JE, Joensen UN, Olesen IA, et al. Vitamin D is
positively associated with sperm motility and increases intracellular calcium in human spermatozoa.
Human reproduction. 2011; 26(6):1307—17. https://doi.org/10.1093/humrep/der059 PMID: 21427118

Ciereszko A, Dabrowski K. Sperm quality and ascorbic acid concentration in rainbow trout semen are
affected by dietary vitamin C: an across-season study. Biology of Reproduction. 1995; 52(5):982-8.
PMID: 7626724

Berger D, Walters R, Gotthard K. What limits insect fecundity? Body size-and temperature-dependent
egg maturation and oviposition in a butterfly. Functional Ecology. 2008; 22(3):523-9.

Zaadstra BM, Seidell JC, Van Noord P, te Velde ER, Habbema J, Vrieswijk B, et al. Fat and female
fecundity: prospective study of effect of body fat distribution on conception rates. Bmj. 1993; 306
(6876):484—7. PMID: 8448457

Lawn JE, Gravett MG, Nunes TM, Rubens CE, Stanton C, Group tGR. Global report on preterm birth
and stillbirth (1 of 7): definitions, description of the burden and opportunities to improve data. BMC Preg-
nancy and Childbirth. 2010; 10(1):S1. https://doi.org/10.1186/1471-2393-10-s1-s1 PMID: 20233382

Lopez-Gatius F. Is fertility declining in dairy cattle?: a retrospective study in northeastern Spain. Therio-
genology. 2003; 60(1):89-99. PMID: 12620583

Her E, Wolfenson D, Flamenbaum I, Folman Y, Kaim M, Berman A. Thermal, Productive, and Repro-
ductive Responses of High Yielding Cows Exposed to Short-Term Cooling in Summer. Journal of Dairy
Science. 1988; 71(4):1085-92. https://doi.org/10.3168/jds.S0022-0302(88)79656-3 PMID: 3392302

Salah MS, Mogawer HH. Reproductive performance of Friesian cows in Saudi Arabia. . Resting and
service interval, conception rate, and number of services per conception. Beitr Trop Landwirtsch Veteri-
narmed. 1990; 28(1):85-91. PMID: 2306200.

Sartori R, Sartor-Bergfelt R, Mertens S, Guenther J, Parrish J, Wiltbank M. Fertilization and early
embryonic development in heifers and lactating cows in summer and lactating and dry cows in winter.
Journal of dairy science. 2002; 85(11):2803—-12. https://doi.org/10.3168/jds.S0022-0302(02)74367-1
PMID: 12487447

PLOS ONE | https://doi.org/10.1371/journal.pone.0207932 November 27, 2018 12/12


https://doi.org/10.2307/2118443
https://doi.org/10.2164/jandrol.05124
https://doi.org/10.2164/jandrol.05124
http://www.ncbi.nlm.nih.gov/pubmed/16339454
https://doi.org/10.1093/humrep/13.6.1502
http://www.ncbi.nlm.nih.gov/pubmed/9688382
http://www.ncbi.nlm.nih.gov/pubmed/9363729
https://www.cia.gov/library/publications/the-world-factbook/rankorder/2054rank.html
https://www.cia.gov/library/publications/the-world-factbook/rankorder/2054rank.html
https://en.wikipedia.org/wiki/List_of_countries_by_average_yearly_temperature
https://en.wikipedia.org/wiki/List_of_countries_by_average_yearly_temperature
http://www.who.int/phe/health_topics/outdoorair/databases/modelled-estimates/en/
http://www.who.int/phe/health_topics/outdoorair/databases/modelled-estimates/en/
http://data.worldbank.org/indicator/NY.GDP.PCAP.CD
http://data.worldbank.org/indicator/NY.GDP.PCAP.CD
http://apps.who.int/gho/data/node.main.A897A?lang=en
http://apps.who.int/gho/data/node.main.A897A?lang=en
https://www.countries-ofthe-world.com/
http://www.statoids.com/wab.html
https://doi.org/10.1093/humrep/13.8.2122
http://www.ncbi.nlm.nih.gov/pubmed/9756281
http://dx.doi.org/10.1016/S0015-0282(99)00395-7
http://www.ncbi.nlm.nih.gov/pubmed/10560981
https://doi.org/10.1093/humrep/der059
http://www.ncbi.nlm.nih.gov/pubmed/21427118
http://www.ncbi.nlm.nih.gov/pubmed/7626724
http://www.ncbi.nlm.nih.gov/pubmed/8448457
https://doi.org/10.1186/1471-2393-10-s1-s1
http://www.ncbi.nlm.nih.gov/pubmed/20233382
http://www.ncbi.nlm.nih.gov/pubmed/12620583
https://doi.org/10.3168/jds.S0022-0302(88)79656-3
http://www.ncbi.nlm.nih.gov/pubmed/3392302
http://www.ncbi.nlm.nih.gov/pubmed/2306200
https://doi.org/10.3168/jds.S0022-0302(02)74367-1
http://www.ncbi.nlm.nih.gov/pubmed/12487447
https://doi.org/10.1371/journal.pone.0207932

