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Abstract
Background  The impact of climate change on human health is well established; however, its effect on the 
prevalence of female infertility is poorly understood. In this study, we aimed to investigate the association between 
ambient temperature changes and the prevalence of female infertility.

Methods  In this ecological study, 174 countries and regions were included. We utilized 2000–2019 data on the 
age-standardized prevalence rate (ASPR) of female infertility and temperature data from Global Burden of Disease, 
ERA5 (fifth generation European Centre for Medium-Range Weather Forecasts atmospheric reanalysis for the global 
climate), and Coupled Model Intercomparison Project Phase 6 databases. Temperature over 12 months was averaged 
to express the annual temperature estimates, and the deviance percentage of temperature (DPT) was calculated 
based on the 20-year average temperature. Three-node restricted cubic spline curves were used to evaluate the 
association between temperature and the ASPR of female infertility. Linear mixed-effects models, with country code 
as a random effect, were used to estimate the effect size (β) and 95% confidence interval (CI) for DPT and the ASPR 
of female infertility. Adjusted linear mixed-effects models were used to predict the impact of future temperature 
changes (2020–2030) on the ASPR of female infertility.

Results  Between 2000 and 2019, a U-shaped relationship was observed between temperature and the ASPR of 
female infertility, with the lowest ASPR occurring at 15 ℃. Increased DPT was associated with an increased ASPR of 
female infertility, with an adjusted β (95% CI) of 78.952 (10.514, 147.710). Future temperature increases will further 
elevate the ASPR of female infertility.

Conclusion  Globally, temperature changes may be associated with an increase in the ASPR of female infertility.
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Background
Infertility is defined as the failure to establish a pregnancy 
after 12 months of regular unprotected sexual intercourse 
[1]. Globally, an estimated 17.5% (approximately one in 
six) of the adult population is affected by infertility, with 
female infertility accounting for approximately 30–50% 
of all cases [2, 3]. Over the past 30 years, the number 
of female infertility cases worldwide has increased by 
56.71  million, with an average annual growth rate of 
7.28% [4]. This has led to a continued decline in global 
fertility rates and a substantial disease burden, becoming 
a public health issue that cannot be ignored.

Common factors affecting female fertility include life-
style (such as smoking and excessive drinking) and age 
[5, 6]. However, increasing evidence suggests that envi-
ronmental factors are closely associated with female 
infertility. For example, prolonged exposure to certain 
chemicals may interfere with hormone secretion, leading 
to decreased fertility [7]. Continuous exposure to air pol-
lution, heavy metals, and radiation may lead to infertility 
or increase the risk of pregnancy complications such as 
miscarriage [8, 9].

Generally, the ambient temperature refers to the actual 
air temperature of the environment. Temperature fluctu-
ations and extreme weather events are important aspects 
of climate change [10]. The global average temperature 
in 2023 was 1.45  °C higher than the pre-industrial lev-
els [11]. Although humans can regulate their body tem-
perature to maintain homeostasis within certain limits, a 
long-term rise in the global average temperature will lead 
to increased heat exposure in the human body, posing 
potential health risks, especially to female reproductive 
health [12]. Moreover, higher ambient temperature expo-
sure is associated with lower female follicle counts [13] 
and adverse pregnancy outcomes [14]. However, research 
on the relationship between ambient temperature and 
female infertility is limited, and the association between 
long-term temperature changes and female infertility at a 
global scale remains unknown.

We designed an ecological study to evaluate the asso-
ciation between ambient temperature changes and the 
prevalence of female infertility, quantifying the risk 
across regions, mainly based on data on female infertil-
ity prevalence from the Global Burden of Disease (GBD) 
public database. We hypothesized that long-term tem-
perature changes are associated with an increased risk of 
female infertility.

Methods
Sources of data
Our study mainly used GBD data, including age-stan-
dardized female infertility prevalence (ASPR), Smok-
ing Tobacco Use Prevalence (Smoking prevalence), 
air pollution exposure estimates (particulate matter 

[PM], nitrogen dioxide [NO2], and ozone [O3]), and the 
sociodemographic index (SDI). Temperature data were 
obtained from the Fifth Generation European Center 
for Medium-Range Weather Forecasts (ECMWF) atmo-
spheric reanalysis of the global climate (ERA5). Future 
temperature projections for 2020–2030 were obtained 
from Phase 6 of the Coupled Model Intercompari-
son Project (CMIP6). Age-standardized female alcohol 
consumption per capita (APC) was obtained from The 
Global Health Observatory (GHO).

The GBD is a comprehensive study of global health 
metrics that estimates prevalence and incidence across 
371 diseases and injuries, 204 countries and regions, and 
25 age groups for women, men, and both sexes from 1990 
to 2021 [15]. Thirteen countries/regions with missing 
temperature data and 17 countries/regions with missing 
APC data were excluded from the study, leaving a total of 
174 countries/regions included in the study. The included 
countries and regions are listed in Table S1. Because only 
APC data from 2000 to 2019 were available, we limited 
the time range of the study to 2000–2019. The selection 
process is detailed in the supplementary materials Figure 
S1. We collected data on the ASPR of female infertility in 
174 countries and regions from 2000 to 2019.

ERA5 is the fifth-generation ECMWF atmospheric 
reanalysis of the global climate produced by the Coper-
nicus Climate Change Service of the ECMWF. It provides 
hourly estimates of many atmospheric, land, and oceanic 
climate variables, covering the period from January 1940 
to the present. ERA5 data cover the Earth on a 31  km 
grid and resolve the atmosphere using 137 levels from 
the surface to a height of 80 km [16]. We extracted tem-
perature data from the ERA5 dataset for 174 countries 
and regions from 2000 to 2019. Detailed information on 
the CMIP6 and GHO databases has been previously pub-
lished [17, 18].

Assessment of female infertility prevalence
In the GBD framework, infertility is defined based on 
fertility-related questions asked of married or cohabit-
ing women in population surveys. Because the struc-
ture of the questions does not identify which partner is 
responsible for the couple’s infertility, data from a sys-
tematic literature review conducted for GBD 2010 were 
used to estimate the proportion of infertility attributable 
to female factors. Female infertility cases were identi-
fied using the following International Classification of 
Diseases (ICD) codes: ICD9:628–628.9, V26–V26.49, 
V26.51, V26.8–V26.9, and V59.7–V59.74 and ICD10: 
N97–N98.9 [19]. DisMod-MR 2.1 (Disease Model-
ling Meta-Regression; version 2.1) was used to estimate 
the prevalence of infertility in couples [20]. The preva-
lence of female infertility was calculated by multiplying 
the prevalence of couple infertility by the proportion of 
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infertility attributable to female factors. Individual-level 
data extracted from the survey were aggregated into GBD 
age groups, and the age-standardized female infertility 
prevalence was calculated based on the GBD standard 
population structure.

Assessment of ambient temperature
This study defined ambient temperature as the air tem-
perature at 2 m above the surface. This temperature was 
calculated by interpolating between the lowest model 
level and the Earth’s surface, considering atmospheric 
conditions. We averaged monthly temperature data over 
12 months to express the annual temperature estimate 
and used the deviance percentage of temperature (DPT) 
to indicate the degree of deviation of the annual tem-
perature from the long-term trend [21]. The calculation 
method for the DPT is detailed in the Supplementary 
Materials.

CMIP6 developed the conceptual framework of Shared 
Socioeconomic Pathways (SSPs), which describes the 
evolution of future society in the absence of climate 
change or climate policy. SSP126 envisions a scenario 
where humanity transitions to sustainable development 
and low greenhouse gas emissions. However, SSP585 
assumes an energy-intensive fossil-fuel-based economic 
model and depicts a scenario with high greenhouse gas 
emissions. SSP245 and SSP370 represent intermediate 
scenarios between these extremes [22].

Assessment of covariates
To minimize the potential influence of confounding fac-
tors, we included several variables that may be related 
to both exposure and outcomes in our analysis. These 
included SDI, lifestyle (smoking prevalence and APC), 
and air pollution (PM, NO2, and O3). We also included 
the continents where the countries or regions are located, 
which may reflect the geographical environment of each 
country or region.

In the GBD framework, the SDI is a composite indica-
tor of the background social and economic conditions 
influencing health outcomes in each location. It is cal-
culated based on the total fertility rate, mean education, 
and lag-distributed income per capita [23]. Smoking 
prevalence was defined as the daily or occasional use of 
any tobacco product. GBD incorporates data from 3,625 
nationally representative surveys and uses space-time 
Gaussian process regression to model the prevalence of 
current and former smoking tobacco use [24]. APC was 
defined as the total amount of alcohol consumed in 1 year 
per adult (15 + years), measured in liters of pure alcohol. 
This includes the sum of the 3-year averages for recorded 
and unrecorded APC, adjusted for 3-year average visitor 
consumption. Recorded alcohol consumption refers to 
official statistics (production, imports, exports, and tax 

data), whereas unrecorded alcohol consumption refers to 
alcohol that is not taxed or regulated by government con-
trol systems. Visitor consumption considers tourists and 
residents visiting other countries, with data sourced from 
the United Nations Visitor Statistics. Continental esti-
mates were derived from the population-weighted aver-
ages of countries [25].

The GBD also provides estimates of air pollution, 
including PM, NO2, and O3 pollution, with previously 
published calculation methods [26].

Statistical analysis
Continuous variables were described as means with stan-
dard deviations (SDs). The SDI was divided into five lev-
els (Low, Low-middle, Middle, High-middle, and High) 
according to GBD definitions [23].

Our analysis is divided into two parts. In the first part, 
we used geographic detectors and RCS curves to explore 
the spatial and nonlinear associations between average 
temperature and average female infertility ASPR between 
2000 and 2019. Geographic detectors are a set of statis-
tical methods for detecting spatial heterogeneity and 
revealing its driving forces [27]. The core idea assumes 
that if an independent variable has a significant impact on 
a dependent variable, the spatial distribution of the inde-
pendent variable and the dependent variable should be 
similar or spatially correlated. In this study, we used the 
heterogeneity and factor detection in geographic detec-
tors: spatial heterogeneity detection of Y and the extent 
to which a factor X explains the spatial heterogeneity of 
attribute Y, measured by q value. A high q value indicates 
strong spatial association. For a detailed description of 
the q value, please see the supplementary materials. We 
calculated the q value to evaluate the spatial association 
between temperature, SDI, smoking prevalence, APC, 
PM, NO2, O3, and continents and female infertility ASPR. 
Quintiles were used to distinguish the average tempera-
ture, average smoking prevalence, average APC, aver-
age PM, average NO2, and average O3 between 2000 and 
2019 to meet the analysis requirements of the geographic 
detector. Restricted cubic spline (RCS) curves with three 
nodes were applied to evaluate the nonlinear association 
between temperature and female infertility ASPR, and 
the SDI, smoking prevalence, APC, PM, NO2, O3, and 
continent were adjusted. We also used geographic detec-
tors and RCS curves to analyze the association between 
temperature and female infertility ASPR at three time 
points in 2000, 2010, and 2019.

In the second part, we further evaluated the association 
between DPT and ASPR of female infertility between 
2000 and 2019 using linear mixed effects model. In the 
linear mixed effects model, the country code as a random 
effect and adjusting for SDI, smoking prevalence, APC, 
PM, NO2, O3, and continent. We also calculated the 
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variance inflation factor (VIF) of the covariates to elimi-
nate the interference of multicollinearity on the model. 
For subgroup analysis, stratification was performed 
based on SDI and continents. To assess the association 
between DPT and ASPR of female infertility in different 
regions, we stratified the regions following GBD classifi-
cations [28].

To predict the potential impact of future temperature 
changes on the ASPR of female infertility and explore the 
changing trend of the ASPR of female infertility in the 
future, we used predicted temperature data (2020–2030) 
simulated based on the SSP scenarios (including SSP126, 
245, 370 and 585) provided by CMIP6 to calculate the 
DPT of the corresponding years. The DPTs of 2020–2030 
were used as inputs in the linear mixed effects model in 
the second part to generate the predicted values of the 
ASPR of female infertility under the four SSP scenarios. 
We then used the non-parametric bootstrap method 
(model-based (semi-)parametric bootstrap for mixed 
models, bootMer) to conduct 1000 bootstrap sampling 
on the predicted values of the mixed effects model, and 
calculated the 2.5% and 97.5% quantiles of the bootstrap 
sample results to obtain the 95% confidence interval of 
the predicted value.

To test the robustness of the results, two sensitivity 
analyses were performed. (1) We supplemented the data 
on temperature, female infertility ASPR, SDI, smok-
ing prevalence, PM, NO2, O3 from 1990 to 1999 and 
repeated the main analysis. Due to the unavailability of 
APC data for 1990–1999, only SDI, smoking prevalence, 
PM, NO2, O3, and continent were adjusted in the analy-
sis. (2) We performed square root transformation on 
the female infertility ASPR between 2000 and 2019 to 
ensure that the data conforms to a normal distribution 
and repeated the analysis in the second part above. The 

analysis was performed using the R software (version 
4.3.1) and ArcGIS (version 10.8). Statistical significance 
was set at P < 0.05.

Results
Study countries or region characteristics
From 2000 to 2019, the mean (SD) of global tempera-
ture was 19.11 °C (8.21 °C), and the mean (SD) estimated 
exposure values for PM, NO2, and O3 were 28.19 ug/m³ 
(17.03 ug/m³), 5.37 ppb (3.60 ppb), and 40.43 ppb (9.81 
ppb), respectively. The characteristics of the estimated 
exposure values for temperature and air pollution, strati-
fied by continent and SDI, are listed in Table 1. The mean 
(SD) of the global female infertility ASPR was 1764.95 per 
100,000 population (1044.47 per 100,000 population), 
and the mean (SD) of smoking prevalence and APC were 
0.11% (0.10%) and 2.31 L/year (1.94 L/year), respectively. 
Characteristics of smoking prevalence and APC stratified 
by continent and SDI are presented in Table 2.

The mean temperature and mean female infertil-
ity ASPR distributions over the past 20 years is shown 
in Fig.  1A. The mean temperature in some regions was 
high, especially in sub-Saharan Africa, the Middle East, 
South Asia, and Southeast Asia, while the temperature in 
North America, Europe. and East Asia was relatively low. 
From the global distribution of female infertility ASPR, 
the Caribbean, sub-Saharan Africa, Europe, and East Asia 
were higher than those in other regions. The geographi-
cal distribution of ASPR is not necessarily directly related 
to the average temperature of the region, but high tem-
perature areas seem to be likely to have high ASPR. From 
2000 to 2019, we also observed that global temperatures 
continued to rise, at an accelerating rate (Fig. 1B). Simul-
taneously, the female infertility ASPR remained stable or 
even slightly decreased from 2000 to 2005, but from 2005 

Table 1  The characteristics of temperature and environmental factors between 2000–2019 by continents and SDI
Variables Temperature (℃) PM (ug/m³) NO2 (ppb) O3 (ppb)
Global 19.11 (8.21) 28.19 (17.03) 5.37 (3.60) 40.43 (9.81)
Continents
Africa 24.33 (3.30) 36.51 (17.69) 2.74 (1.70) 38.13 (7.69)
Asia 18.60 (8.39) 35.54 (18.37) 7.16 (4.14) 48.71 (9.72)
Europe 8.88 (4.14) 16.74 (6.97) 7.75 (2.23) 42.69 (5.13)
North America 22.69 (7.62) 20.20 (5.42) 4.88 (3.41) 36.12 (6.68)
Oceania 23.14 (5.09) 11.87 (3.15) 1.63 (2.14) 24.01 (6.54)
South America 20.86 (5.12) 23.91 (13.06) 6.34 (2.17) 31.39 (4.58)
SDI
Low 24.17 (4.17) 38.24 (17.98) 2.56 (1.31) 38.20 (9.54)
Low-middle 21.09 (7.27) 28.96 (14.22) 4.48 (2.55) 39.80 (10.53)
Middle 19.46 (6.81) 24.26 (11.31) 5.67 (3.01) 40.09 (9.94)
High-middle 15.13 (8.14) 23.90 (16.55) 8.11 (3.66) 43.52 (9.38)
High 8.99 (7.04) 14.66 (12.17) 9.05 (3.30) 42.46 (7.57)
All values were calculated as the average (SD) of 2000–2019

SDI: sociodemographic index. PM, particulate matter. NO2, nitrogen dioxide. O3, ozone
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Table 2  The characteristics of female infertility prevalence and lifestyle factors between 2000–2019 by continents and SDI
Variables Female infertility prevalence (per 100,000 population) Smoking prevalence

(%)
APC
(L/year)

Global 1764.95 (1044.47) 0.11 (0.10) 2.31 (1.94)
Continents
Africa 1959.37 (1216.18) 0.04 (0.03) 1.50 (1.44)
Asia 1681.88 (908.77) 0.07 (0.05) 1.15 (1.43)
Europe 1713.45 (834.60) 0.24 (0.06) 4.84 (1.30)
North America 1893.39 (1063.50) 0.08 (0.05) 2.35 (1.03)
Oceania 1629.93 (1015.87) 0.21 (0.10) 1.67 (1.86)
South America 1245.67 (1023.82) 0.13 (0.09) 2.66 (0.70)
SDI
Low 1794.25 (1160.16) 0.05 (0.05) 1.18 (1.36)
Low-middle 1787.86 (1103.95) 0.07 (0.08) 1.67 (1.18)
Middle 1968.71 (937.90) 0.10 (0.08) 2.18 (1.60)
High-middle 1853.74 (914.96) 0.19 (0.11) 3.54 (2.18)
High 1251.10 (769.03) 0.20 (0.07) 4.49 (1.39)
All values were calculated as the average (SD) of 2000–2019

SDI, Sociodemographic Index. APC, alcohol consumption per capita

Fig. 1  Distribution and trends for temperature and female infertility prevalence between 2000–2019. (A) Global map of local mean temperature over 
2000–2019 with five intervals ranging from − 5.56 to 28.85 ℃ and color-scaled dots showing the severity of the local mean prevalence rate (ranging from 
76.3 to 5849.7 cases per 100,000 population) of each country over 2000–2019. (B) The global temperature change between 2000–2019. (C) The global 
female infertility prevalence change between 2000–2019
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to 2019, the female infertility ASPR continued to increase 
at an accelerating rate (Fig. 1C).

Ambient temperature and female infertility prevalence
The geographical detector showed that temperature and 
female infertility ASPR were associated in the spatial 
dimension, with a q-value of 0.124 (P < 0.05). No signifi-
cant spatial association was found between female infer-
tility ASPR and the SDI, smoking prevalence, APC, PM, 
NO2, O3, and continents (P > 0.05) (Fig. 2A). The adjusted 
RCS curves revealed a U-shaped nonlinear relationship 
between temperature and female infertility ASPR (for 
nonlinear, P = 0.001; overall, P = 0.002), with the low-
est ASPR observed at a temperature of 15 ℃ (Fig.  2B). 
The analysis results using geographic detectors and RCS 
curves at three time points in 2000, 2010, and 2019 are 

were consistent with the above results (Table S2, Figure 
S2).

DPT and female infertility prevalence
The VIF values of the covariates are shown in Table S3, 
which show that there is no multicollinearity among the 
covariates. Globally, DPT was associated with increased 
female infertility ASPR, with an adjusted β (95% CI) of 
78.952 (10.514, 147.710) (Table  3). This indicates that 
for each 1 point increase in DPT, there is an associated 
increase of 78.952 per 100,000 population in the female 
infertility ASPR. Subgroup analyses according to SDI, 
continent, and region are presented in Table  3; Fig.  3. 
When stratified by SDI, an association between increased 
DPT and increased female infertility ASPR was observed 
only at Low-middle and High SDI levels. By continent, 
this association was observed only in North America. 
When stratified by region, an association was observed 
between increased DPT and increased female infertil-
ity ASPR in Andean Latin America, High-income North 
America, North Africa, and the Middle East. Notably, in 
Australasia, DPT was negatively correlated with female 
infertility ASPR.

Future female infertility prevalence
Under all SSP scenarios, the future female infertil-
ity ASPR generally exhibited an upward trend (Fig.  4). 
However, no significant differences were observed in 
the female infertility ASPR across the different SSP sce-
narios. Compared to the global level, Australasia and 
High-income North America are expected to experience 
higher levels of female infertility ASPR, while Andean 
Latin America is expected to show a lower level. North 
Africa and the Middle East is projected to have similar 
level of infertility ASPR to the global average (Fig. 4). Pre-
diction of female infertility prevalence changes with 95% 
confidence interval are shown in Figure S3.

Table 3  Association between DPT and prevalence of female 
infertility between 2000–2019
Group β (95% CI)# P
Global 78.952 (10.514, 147.710) 0.024
SDI
Low SDI -61.360 (-256.052, 132.223) 0.538
Low-middle SDI 279.162 (94.200, 465.926) 0.004
Middle SDI 6.271 (-105.024, 117.952) 0.913
High-middle SDI -24.030 (-86.057, 38.877) 0.455
High SDI 37.539 (7.252, 68.012) 0.017
Continents
Asia 163.425 (-6.449, 334.726) 0.063
Europe -31.388 (-95.261, 32.948) 0.340
Africa -85.099 (-263.549, 93.485) 0.353
North America 220.369 (38.062, 402.087) 0.020
South America 51.935 (-295.058, 395.987) 0.773
Oceania -70.896 (-181.433, 38.354) 0.221
Adjustments were made for SDI, Continent, Smoking prevalence, APC, PM, NO2, 
and O3

DPT, deviance percentage of temperature
#Unit: per 100,000 population

Fig. 2  Association between mean temperature and mean female infertility prevalence, 2000–2019. (A) Spatial association between mean temperature 
and mean prevalence of female infertility. APC, alcohol consumption per capita. *P < 0.05. (B) Nonlinear association between mean temperature and 
mean prevalence of female infertility
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Sensitivity analysis
The characteristics of temperature, female infertility 
prevalence and other factors between 1990 and 2019 are 
shown in Table S4 and Table S5. The distribution and 
trends for temperature and female infertility prevalence 
between 1990 and 2019 are shown in Figure S4. After 
including the data from 1990 to 1999, the geographical 
detector showed that temperature and female infertil-
ity ASPR were associated in the spatial dimension and 

the adjusted RCS curves revealed a U-shaped nonlinear 
relationship between temperature and female infertil-
ity ASPR (Figure S5). The adjusted linear mixed effects 
model indicated that DPT was associated with increased 
female infertility ASPR globally (Table S6).

After square root transformation of the female infertil-
ity ASPR from 2000 to 2019, the data all conformed to 
normal distribution (Table S7). The association between 
DPT and female infertility ASPR after square root 

Fig. 3  Subgroup analysis of the association between DPT and prevalence of female infertility, 2000–2019. Adjustments were made for the sociodemo-
graphic index, smoking prevalence, alcohol consumption per capita, particulate matter, NO2, and O3 levels. DPT, deviance percentage of temperature. 
#Unit: per 100,000 population
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transformation was consistent with the original results 
(Table S8). Overall, the two sensitivity analyses indicated 
that our results were robust.

Discussion
In this study, we investigated the relationship between 
temperature changes and the prevalence of female infer-
tility over the past 20 years. Our findings revealed a 
U-shaped relationship between temperature and female 
infertility ASPR; the greater the deviation of annual tem-
perature from the long-term trend, the higher the female 
infertility ASPR. Affected by future temperature changes, 
the female infertility ASPR is projected to increase.

Studies on the effects of temperature on female fertil-
ity are limited, making direct comparisons with previous 
studies challenging. However, increasing evidence from 
cohort studies suggests that unsuitable ambient temper-
atures may be associated with reduced female fertility. 
Geng et al. conducted a retrospective cohort study using 
data from 3,452 infertile women in Shanghai, China, 
and found that both extreme low and high ambient tem-
peratures were significantly associated with adverse 
pregnancy outcomes of in vitro fertilization cycles [14]. 
Similarly, Gaskins et al. conducted a prospective cohort 
study of 631 women in the United States and found that 
exposure to higher ambient temperatures 90 days before 
ovarian reserve testing was associated with lower antral 
follicle counts [13]. Compared with the above studies, we 
analyzed the relationship between long-term tempera-
ture changes and female reproductive health on a global 
scale from the perspective of female infertility ASPR.

In addition to human studies, similar results have been 
found in mammalian studies. For example, in an obser-
vational study of Spanish herds, Ryosuke Iida et al. found 

that more than 80% of the herds had decreased fertility 
when sows were exposed to temperatures ≥ 27  °C, with 
the farrowing rate also declining in winter [29]. Similarly, 
Satori et al. found that fertilization rates in dairy cows 
significantly decreased during summer and attributed 
this to the effects of heat stress on oocytes [30]. While 
these studies involve different species, the results empha-
size the relationship between temperature and female 
fertility.

The association between temperature change and 
ASPR of female infertility was pronounced in low-
middle SDI regions, including Andean Latin America, 
North Africa and the Middle East. A possible explana-
tion is that low-middle SDI regions are usually located 
in areas where the impact of climate change is severe, 
such as tropical or subtropical regions, and residents in 
these regions are vulnerable to extreme heat or tempera-
ture fluctuations. In addition, the proportions of outdoor 
labor populations, which typically rack effective tem-
perature regulation facilities (such as air conditioning or 
heating equipment), in these regions is high, resulting in 
a high risk of long-term exposure to unsuitable ambient 
temperatures [31]. Living environment factors (such as 
malnutrition and high levels of air pollution) may also 
interact with the impact of temperature change, further 
amplifying its negative effects on the reproductive health 
of women.

We also observed this significant association in high 
SDI regions, especially in high-income North America. 
The underlying mechanism remains unclear; however, it 
may be that these countries have a well-developed public 
health surveillance system and high-quality data collec-
tion capabilities, which makes the data accurate, mak-
ing the association between temperature deviation and 

Fig. 4  Prediction of female infertility prevalence changes under SSP126, SSP245, SSP370, and SSP585. (A) Global prediction. (B) Prediction for North Africa 
and Middle East. (C) Prediction for Australasia. (D) Prediction for Andean Latin America. (E) Prediction for High-income North America
 The dotted box shows the enlarged image
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health problems easy to detect. The negative correlation 
between DPT and female infertility ASPR observed in 
Australasia may reflect the following factors: countries 
such as Australia and New Zealand have high socioeco-
nomic levels and good infrastructure, which may allevi-
ate the negative impact of temperature fluctuations; the 
region focuses on reproductive health education and 
intervention, which is conducive to the preservation of 
fertility. Australasia has a relatively stable climate and a 
small temperature deviation, so its negative effect may be 
offset by other protective factors [32].

Our research predicts that future temperature rises 
will increase the ASPR of female infertility, which is con-
sistent with the prediction of Yu et al. (2023) that the 
global ASPR of female infertility will continue to rise by 
2030 [4]. However, compared with the predicted value of 
3725.51/100,000 global female infertility ASPR in 2030 by 
Yu et al., our predicted value is significantly lower. This 
difference may be attributed to the difference in research 
methods: Yu et al. used time series modeling to focus on 
the trend and periodicity of historical data for prediction, 
and did not evaluate the impact of external factors, which 
may overestimate the growth of ASPR. We particularly 
emphasize the contribution of temperature change and 
consider the synergistic regulatory effects of multiple 
variables (such as SDI and air pollution). Although this 
method is helpful in clarifying the impact of temperature 
change on female infertility, it may lead to a conservative 
estimate of the growth of ASPR. In addition, compared 
with Yu et al.‘s prediction of the change trend of ASPR 
in 204 countries, our study predicts the change trend of 
ASPR in 174 countries. Differences in regional coverage 
may also lead to different predictions.

In the prediction step, we did not observe significant 
differences in the female infertility ASPR under different 
SSP scenarios. This may be attributed to the small differ-
ences in the rate of temperature change among the SSP 
scenarios over a shorter time scale, which may not have 
a substantial impact on the prevalence of female infertil-
ity. However, from a long-term perspective, as climate 
change intensifies, the effects of different SSP scenarios 
on the prevalence of female infertility may become more 
pronounced. Since the current prediction model does 
not account for these long-term effects, further long-
term studies are recommended. In summary, this study 
and previous studies have revealed the continued upward 
trend of the ASPR of female infertility in the future. This 
finding suggests that public health departments should 
pay careful attention to issues related to female infertility. 
Simultaneously, climate change, as a potential risk factor 
affecting reproductive health, deserves additional atten-
tion. However, our predictions are based on an idealized 
model state, that is, the currently observed relationship 
between DPT and female infertility ASPR will remain 

unchanged in the future. The actual situation is compli-
cated, and other variables that have not been considered 
will affect the prediction. Therefore, these results are 
suitable as a reference for understanding the future trend 
of female infertility ASPR changes, rather than specific 
prevalence predictions.

The mechanism by which environmental temperature 
affects female reproductive health remains unclear. The 
temperature gradient in the oviduct plays a role in guid-
ing sperm during fertilization [33], and the lower tem-
perature of the follicular fluid may be crucial for normal 
oocyte development [34, 35]. Environmental temperature 
may impair female fertility by affecting the regulation of 
local temperatures. Additionally, cold exposure can cause 
estrous cycle disorders and follicular dysplasia in female 
mice, accompanied by abnormal ovarian progesterone 
and progesterone levels [36]. Chronic heat stress in mice 
decreases serum estradiol and aromatase levels in antral 
follicles but increases the number of atretic follicles and 
granulosa cells undergoing apoptosis [37]. These findings 
suggest that environmental temperature may also reduce 
female fertility by affecting hormone secretion. However, 
further studies are required to elucidate the underlying 
mechanisms.

Strength and limitations
To our knowledge, this is the first study to report the 
adverse effects of temperature changes on women’s 
reproductive health on a global scale. The strength of this 
study lies in the inclusion of a large number of regions 
in the analysis and the use of highly reliable data, which 
ensured the accuracy of the results.

Our study has the following limitations: (1) This is an 
ecological study. Although we observed an association 
between ambient temperature and the ASPR of female 
infertility, our findings cannot be interpreted as causal 
evidence; therefore, further research remains necessary; 
(2) this study is based on data at a large spatial scale, 
which complicates accurately assessing and reflecting 
individual exposure levels. Therefore, caution is advised 
when generalizing this conclusion to individual subjects; 
(3) the prevalence of female infertility is largely related 
to the medical and health conditions of a country or 
region. Without fully considering the regional differences 
in medical conditions, the association between ambient 
temperature and the ASPR of female infertility may be 
misestimated. Other environmental pollutants are also 
important factors affecting the risk of female infertility, 
which were not considered in this study. (4) Our predic-
tions are based on an idealized model state. However, the 
actual situation is more complex, and other variables not 
considered in the model may influence the predictions. 
Therefore, the results should be interpreted with caution.
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In conclusion, an unsuitable ambient temperature may 
be associated with an increased ASPR of female infertil-
ity. The international community should strengthen its 
attention to the adverse effects of global temperature 
changes on reproductive health to mitigate the grow-
ing trend of infertility in recent years. Further research 
should be conducted in the future to better evaluate the 
causal relationship between ambient temperature devia-
tion and female infertility.
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