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Abstract

Background Although the effects of climate change on human health are widely recognized, its potential role in
male infertility prevalence has not been thoroughly examined. This study seeks to explore the association between
changes in ambient temperature and the prevalence of male infertility.

Methods This ecological study encompassed 174 countries and regions. We utilized data from 2000 to 2019 on
the age-standardized prevalence rate (ASPR) of male infertility and ambient temperature to assess their potential
association. The analysis accounted for several covariates, including the Sociodemographic Index (SDI), continent,
smoking prevalence, alcohol consumption per capita (APC), nitrogen dioxide (NO,), and ozone (Os). Annual
temperature values were derived by averaging monthly temperatures, and the deviance percentage of temperature
(DPT) was computed based on the 20-year mean temperature. To examine spatial and nonlinear relationships
between temperature and male infertility ASPR, we applied the geographic detector approach and Restricted Cubic
Spline (RCS) curves. Furthermore, linear mixed-effects models were employed to quantify the association between
DPT and male infertility ASPR, and adjusted models were subsequently used to forecast changes in ASPR under
projected temperature scenarios for 2020-2030.

Results From 2000 to 2019, a spatial association was identified between temperature and the ASPR of male infertility.
Additionally, a U-shaped correlation emerged, indicating the lowest ASPR at 15.7 °C. Higher DPT were linked to
elevated male infertility ASPR, with an adjusted (3 estimate of 38.770 (95% Cl: 8.392, 69.162). Projections suggest that
ongoing temperature increases may continue to drive up male infertility ASPR.

Conclusion Temperature change may be associated with an increased male infertility prevalence.
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Background

Male infertility is defined as the inability of the female
partner to conceive naturally within one year of regu-
lar sexual intercourse without the use of contraception,
due to pathological conditions in the male partner [1].
It affects approximately 7% of the global male popula-
tion and is an increasingly serious public health concern
[2]. Meta-analyses have shown that global semen quality
is declining at an accelerating rate, with sperm concen-
tration and total sperm count decreasing by more than
50% between 1973 and 2018 [3, 4]. Additionally, epide-
miological studies reported approximately 570 million
cases of male infertility worldwide in 2019, representing
a 76.9% increase since 1990 [5]. The decline in male fertil-
ity imposes a substantial socioeconomic burden and con-
tributes to the ongoing decrease in fertility rates.

Male infertility is associated with multiple causes and
risk factors, which can be broadly categorized into bio-
logical/physiological/genetic, lifestyle, environmental,
and sociodemographic factors [6]. Among environmen-
tal factors, there is substantial evidence that air pollution,
exposure to toxic chemicals, and excessive heat expo-
sure contribute to reduced male fertility [7]. In recent
years, dramatic changes in the global climate have led to
increasing impacts on the thermal environment world-
wide. Whether the decline in male fertility is linked to
the rise in global average temperature, or the increased
frequency of extreme weather events (such as heat
waves and cold waves) has attracted growing attention.
Evidence from various biological populations (includ-
ing guppies, chickens, mice, cattle, and pigs) indicates
that the reproductive system and related reproductive
physiology are highly sensitive to heat stress [8]. More-
over, studies in humans have demonstrated that sper-
matogenesis is particularly sensitive to temperature, with
both low and high temperatures leading to reductions in
semen concentration, sperm count, and sperm motility
[9, 10]. Although humans can maintain thermal homeo-
stasis within certain limits, a long-term rise in global
average temperature may increase heat exposure and
pose potential risks to reproductive health. Therefore, it
is hypothesized that changes in environmental tempera-
ture associated with climate change may contribute to
declining fertility in organisms [11, 12].

To date, direct evidence linking temperature change
to the decline in male fertility remains limited. Previous
studies have primarily focused on the short-term effects
of environmental temperature (particularly high tem-
perature) on semen parameters, while research inves-
tigating the long-term impact of temperature trends on
male reproductive health is still scarce. Furthermore,
most existing studies are based on data from experimen-
tal animals or conducted at the individual level, lack-
ing analyses using large-scale population data, which
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limits the generalizability of the findings. Considering
these gaps, we designed an ecological study using ERA5
(Fifth Generation ECMWF Reanalysis for the Global Cli-
mate) temperature data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) and GBD
(Global Burden of Disease) data on male infertility preva-
lence to preliminarily explore the association between
temperature change and male fertility. We hypothesized
that rising global temperatures may be associated with an
increased burden of male infertility.

Methods

Sources of data

This study mainly relied on data from the GBD database,
including the age-standardized prevalence rate (ASPR)
of male infertility, smoking prevalence, estimates of air
pollution exposure (nitrogen dioxide [NO,] and ozone
[Os]), and the Sociodemographic Index (SDI). Ambient
temperature information was extracted from the ERA5
dataset, while future temperature projections for 2020-
2030 were obtained from the sixth phase of the Coupled
Model Intercomparison Project (CMIP6). Additionally,
data on age-standardized male alcohol consumption
per capita (APC) were sourced from the Global Health
Observatory (GHO).

The GBD database is a comprehensive resource that
quantifies the burden of diseases, injuries, and risk fac-
tors in global health. It provides estimates of mortality,
prevalence, and associated risk factors, offering valuable
insights for public health research [13]. In this study, we
collected data on ASPR male infertility from 174 coun-
tries and regions between 2000 and 2019. The list of the
countries/regions included in this study is provided in
Table S1, and the selection process is detailed in Figure
S1.

The ERA5 reanalysis dataset is provided by ECMWF
through the Copernicus Climate Change Service. ERA5
is based on the Integrated Forecasting System Cy41r2,
which became operational in 2016. It provides data on
atmospheric, land surface, and ocean wave variables from
1950 to date, with an hourly temporal resolution and a
spatial resolution of 0.25° x 0.25° (~31 km) [14]. ERA5
has been widely applied in climate monitoring, weather
forecasting, and environmental health research, and
is recommended by the World Meteorological Orga-
nization (WMO) and the Intergovernmental Panel on
Climate Change (IPCC) for climate-related studies. Tem-
perature data spanning 2000 to 2019 were obtained from
the ERA5 dataset for 174 countries and regions. Further
details regarding the CMIP6 and GHO databases have
been documented in prior publications [15, 16].
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Assessment of male infertility prevalence

Within the GBD framework, infertility is identified
through fertility-related questions posed in population
surveys targeting married or cohabiting women. Since
these surveys do not indicate which partner is infertile,
estimates of male-attributable infertility were derived
from a systematic literature review conducted for GBD
2010. Male infertility cases were classified using specific
ICD codes: ICD-9 codes 606-606.9, V26.5, V26.52, and
ICD-10 codes N46—N46.02, N46.022-N46.12, N46.122—
N46.9 [17]. Couple infertility prevalence was modeled
using Disease Modelling Meta-Regression (DisMod-MR
2.1) [18], and the prevalence of male infertility was subse-
quently calculated by applying the male-attributable pro-
portion to the overall couple infertility estimates. Survey
data were then aggregated according to GBD age group-
ings, and male infertility ASPR was computed using the
GBD standard population structure.

Assessment of ambient temperature

In this study, we defined ambient temperature as the air
temperature measured at 2 m above the surface. The
data comprise global gridded information with a hori-
zontal resolution of 0.5° x 0.5° and were sourced from the
ERA5 monthly averaged data on single levels from 1940
to present dataset [19]. We utilized the GBD national
administrative region shapefile to extract monthly tem-
perature data using the zonal statistics tool in ArcGIS
software. Since the GBD only provided annual prevalence
estimates, the monthly temperature data were averaged
over 12 months to estimate the annual temperature. The
deviance percentage of temperature (DPT) served as a
metric to measure how much annual temperature values
deviated from the long-term average trend [20]. Specific
calculation methods for DPT are outlined in the supple-
mentary materials.

CMIP6 proposed the concept of Shared Socioeco-
nomic Pathways (SSPs) to illustrate possible future soci-
etal trajectories without considering the effects of climate
change or related policies. SSP126 reflects a sustain-
able development path with minimal greenhouse gas
emissions, whereas SSP585 depicts a fossil fuel-driven,
high-emission scenario. SSP245 and SSP370 represent
intermediate pathways that lie between these two ends
of the spectrum [21]. We selected data from the Com-
munity Earth System Model Version 2 (CESM2) Global
Climate Model from the United States and extracted
temperature data for 2020-2030 under four shared
socioeconomic pathways (SSP126, SSP245, SSP370, and
SSP585) using the same method as described above.

Assessment of covariates
To reduce potential confounding, we incorporated the
Sociodemographic Index (SDI), lifestyle variables such
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as smoking prevalence and APC, as well as air pollution
indicators including NO, and O,. Additionally, we con-
sidered the continent of each country or region to cap-
ture broader geographic and environmental effects.

SDI is a comprehensive indicator for measuring the
level of regional economic development. A higher SDI
reflects a more developed economy. It is calculated as
the geometric mean of three components, each indexed
from O to 1: the total fertility rate under 25 years of age
(TFU25), the average educational attainment for individ-
uals aged 15 years and older (EDU15+), and the lagged
distributed income per capita (LDI) [22]. In this study, we
primarily used SDI to control for the potential impact of
socioeconomic factors on male infertility prevalence.

Smoking prevalence refers to the proportion of indi-
viduals who use tobacco products either daily or occa-
sionally. To estimate both current and former tobacco
use rates, the GBD database integrates information from
3,625 nationally representative surveys using a space-
time Gaussian process regression model [23].

APC is defined as the annual volume of pure alcohol
consumed per individual aged 15 and above, expressed
in liters. This measure combines the 3-year average of
both recorded and unrecorded alcohol use, with adjust-
ments for the 3-year average of alcohol intake by visi-
tors. Recorded consumption is derived from official data
sources such as production, trade, and taxation records,
whereas unrecorded consumption pertains to alcohol not
subject to governmental regulation or taxation. Visitor
consumption reflects the alcohol use of tourists and citi-
zens while abroad [24].

Furthermore, the GBD database provides estimates of
NO, and O; levels using previously established calcula-
tion methods [25].

Statistical method

Continuous variables were presented as means along
with their standard deviations (SDs). Based on GBD clas-
sification, SDI was categorized into five groups: Low,
Low-middle, Middle, High-middle, and High [22].

The analysis was divided into two main stages. In the
first stage, geographic detectors and restricted cubic
spline (RCS) curves were employed to explore the spatial
and nonlinear associations between average temperature
and male infertility ASPR from 2000 to 2019. Geographic
detectors are statistical tools designed to detect spatial
heterogeneity and its potential influencing factors [26].
The method assumes that if an independent variable has
a significant effect on a dependent variable, their spa-
tial patterns will align or be correlated. In this research,
we utilized the heterogeneity and factor detection com-
ponents of the geographic detector method to assess
the spatial variability of Y and the explanatory power
of factor X, quantified by the q value—where a higher q
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value signifies a stronger spatial association. For further
details on q value computation, see the supplementary
materials. We calculated q values to evaluate the spatial
relationships between temperature, SDI, smoking preva-
lence, APC, NO,, O;, continents, and male infertility
ASPR. To fulfill the analytical needs of the geographic
detector, quintile categorization was applied to average
values of temperature, smoking prevalence, APC, NO,,
and O; across the 2000-2019 period. Additionally, RCS
curves with three knots were constructed to analyze the
nonlinear link between temperature and ASPR of male
infertility, with adjustments for SDI, smoking prevalence,
APC, NO,, Os, and continent.

Second, we assessed the relationship between DPT
and male infertility ASPR from 2000 to 2019 using a lin-
ear mixed-effects model. In this model, country codes
were included as random effects, while adjustments were
made for SDI, smoking prevalence, APC, NO,, O, and
continent. Subgroup analyses were conducted by strati-
fying the data according to SDI and continent. Addition-
ally, we used GBD regional classifications to investigate
geographic differences in the association between DPT
and male infertility ASPR [27]. In addition, we calculated
the coefficient of variation of the monthly temperature
data for each year to capture intra-annual temperature
fluctuations, and further employed adjusted linear mixed
effects models to investigate the association between
annual temperature variability and male infertility
prevalence.

Predicted temperature data for 2020-2030 under four
SSP scenarios (SSP126, SSP245, SSP370, and SSP585)
were applied to estimate the potential influence of future
temperature changes on male infertility ASPR and to
evaluate projected trends. These temperature projections

Table 1 The characteristics of temperature and environmental
factors between 2000-2019 by continents and SDI

Variables Temperature (C) NO, (ppb) O; (ppb)
Global 19.11 (8.21) 5.37 (3.60) 4043 (9.81)
Continents

Africa 24.33 (3.30) 2.74(1.70) 38.13(7.69)
Asia 18.60 (8.39) 7.16 (4.14) 48.71 (9.72)
Europe 8.88 (4.14) 7.75 (2.23) 42.69 (5.13)
North America 22.69 (7.62) 4.88(341) 36.12 (6.68)
Oceania 23.14 (5.09) 1.63 (2.14) 24.01 (6.54)
South America 20.86 (5.12) 6.34(2.17) 31.39 (4.58)
SDI

Low 2417 (4.17) 256 (1.31) 38.20 (9.54)
Low-middle 21.09 (7.27) 448 (2.55) 39.80 (10.53)
Middle 1946 (6.81) 567 (3.01) 40.09 (9.94)
High-middle 15.13 (8.14) 8.11 (3.66) 43,52 (9.38)
High 8.99 (7.04) 9.05 (3.30) 4246 (7.57)

All values were calculated as the average (SD) of 2000-2019
SDI: sociodemographic index. NO,, nitrogen dioxide. O;, ozone
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were used to compute DPT values for each correspond-
ing year. The resulting DPT values for 2020-2030 were
then incorporated into the linear mixed-effects model
described earlier to estimate future male infertility ASPR
across the four SSP scenarios. To assess the impact of
long-term temperature changes on the trend in male
infertility prevalence, we also predicted prevalence for
the years 2040, 2060, 2080, and 2100 using the same
methodology described above.

To assess the robustness of our results, three sensitivity
analyses were performed: (1) In the first stage of analy-
sis, geographic detectors and RCS curves were applied to
examine the relationship between temperature and male
infertility ASPR at three specific time points—2000, 2010,
and 2019. (2) A square root transformation was applied
to the male infertility ASPR data from 2000 to 2019 to
approximate a normal distribution, after which the sec-
ond-stage analysis was repeated. (3) We incorporated
additional data on temperature, male infertility ASPR,
SDI, smoking prevalence, NO,, and O; for the period
1990-1999 and repeated the primary analysis. Since APC
data were not available for these years, adjustments were
limited to SDI, smoking prevalence, NO,, O;, and con-
tinent. All statistical analyses were performed using R
software (version 4.3.1) and ArcGIS (version 10.8), with a
significance threshold set at P<0.05.

Results

Study countries/regions characteristics

Between 2000 and 2019, the global mean temperature
was 19.11 °C with a standard deviation (SD) of 8.21 °C.
The average estimated exposure levels for NO, and
O; were 5.37 ppb (3.60 ppb) and 40.43 ppb (9.81 ppb),
respectively. Table 1 provides a breakdown of tempera-
ture and air pollution exposure values stratified by conti-
nent and SDI. During the same period, the global average
male infertility ASPR was 1108.50 per 100,000 popula-
tion (513.51), while the average smoking prevalence and
APC were 0.31% (0.13%) and 8.95 L/year (6.82 L/year),
respectively. Table 2 shows the distribution of smoking
prevalence and APC by continent and SDI.

Figure la displays the spatial distribution of average
temperature and male infertility ASPR over the two-
decade period. Regions such as sub-Saharan Africa,
North Africa, the Middle East, and South Asia experi-
enced relatively higher temperatures, whereas North
America, Europe, and East Asia had lower average tem-
peratures. Meanwhile, elevated male infertility ASPR was
observed in the Caribbean, sub-Saharan Africa, Europe,
and East Asia. Although no direct correlation was appar-
ent between regional temperature averages and male
infertility ASPR, higher ASPR tended to be observed in
warmer areas.
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Table 2 The characteristics of male infertility prevalence and
lifestyle factors between 2000-2019 by continents and SDI

Variables Male infertil- Smoking APC

ity prevalence prevalence  (L/year)

(per 100,000 (%)

population)
Global 110850 (513.51) 0.31(0.13) 8.95 (6.82)
Continents
Africa 129848 (696.51) 0.23(0.10) 6.61 (5.90)
Asia 95154 (316.31) 0.38(0.13) 4.95 (5.46)
Europe 1089.44 (394.13) 0.37 (0.09) 17.31 (4.36)
North America 135.83 (439.49) 0.21(0.07) 1(3.61)
Oceania 999.46 (276.44) 044 (0.15) 6.24 (5.80)
South America 930.84 (417.63) 0.26 (0.09) 9.68 (2.39)
SDI
Low 1226.14 (691.31) 0.25(0.12) 5.15 (5.54)
Low-middle 1025.51 (481.14) 0.31(0.14) 6.96 (4.51)
Middle 1097.16 (354.93) 035(0.13) 8.85 (5.76)
High-middle 1154.16 (385.46) 0.36 (0.11) 13.03 (7.67)
High 937.33(32247) 0.29 (0.09) 15.53 (4.72)

All values were calculated as the average (SD) of 2000-2019

SDI, Sociodemographic Index. APC, alcohol consumption per capita
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Global temperatures exhibited a fluctuating upward
trend from 2000 to 2019 (Fig. 1b). Male infertility ASPR
showed constant fluctuations between 2000 and 2010;
however, from 2010 to 2019, a notable and rapid increase
was observed (Fig. 1c).

Ambient temperature and male infertility prevalence
Results from the geographic detector analysis indicated
a spatial correlation between temperature and male
infertility ASPR, with a g-value of 0.216 and statistical
significance (P<0.05). However, no significant spatial
associations were found between male infertility ASPR
and SDI, smoking prevalence, APC, NO,, Os, or conti-
nent (P>0.05) (Fig. 2a).

Additionally, the RCS curve revealed a U-shaped non-
linear association between temperature and male infer-
tility ASPR, with statistical evidence supporting both
nonlinearity (P<0.001) and the overall relationship
(P=0.001). The minimum ASPR was observed at a tem-
perature of 15.7 °C (Fig. 2b).
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Fig. 1 Distribution and trends of temperature and male infertility prevalence from 2000 to 2019. a. A global map showing the local mean temperature
for 2000-2019, divided into five intervals ranging from —5.56 to 28.85 °C, with color-coded dots representing the intensity of the local mean prevalence
rate (ranging from 295.9 to 2814.0 cases per 100,000 population) for each country over the 2000-2019 period. b. The change in global temperature from
2000 to 2019. €. The change in global male infertility prevalence from 2000 to 2019. LOESS, locally estimated scatterplot smoothing
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Fig. 2 Association between mean temperature and mean male infertility prevalence, 2000-2019. a. Spatial association between mean temperature
and mean prevalence of male infertility. APC, alcohol consumption per capita. * P <0.05. b. Nonlinear association between mean temperature and mean

prevalence of male infertility

Table 3 Association between DPT and prevalence of male
infertility between 2000-2019

Group B (95% CI)* P
Global 38.770(8.392,69.162) 0.013
SDI

Low SDI -99.716 (-217.289, 16.477) 0.098
Low-middle SDI 13.256 (-76.054, 102.723) 0.774
Middle SDI 176.588 (104.987, 249.012) <0.001
High-middle SDI 16.329 (-17.220, 50.033) 0.347
High SDI 22442 (3.166, 41.926) 0.025
Continents

Asia 81.179 (16.237, 146.244) 0.016
Europe 17.802 (-9.169, 44.784) 0.200
Africa -40.708 (-127.549, 46.185) 0.363
North America 124.436 (49.634, 198.899) 0.002
South America 212.999 (98.873,327.514) <0.001
Oceania -2.872 (-57.341,51.193) 0.921

Adjustments were made for SDI, Continent, Smoking prevalence, APC, NO,, and
03
DPT, deviance percentage of temperature

*Unit: per 100,000 population

DPT and male infertility prevalence
At the global level, DPT showed a positive correlation
with male infertility ASPR, with an adjusted P of 38.770
and a 95% CI of 8.392 to 69.162 (Table 3). This suggests
that a 1-unit increase in DPT corresponds to a rise of
38.770 cases per 100,000 population in male infertility
ASPR. Results from subgroup analyses by SDI, continent,
and region are detailed in Table 3 and illustrated in Fig. 3.
When stratified by SDI, the association between higher
DPT and male infertility ASPR reached statistical sig-
nificance only in the middle and high SDI categories. By
continent, a significant association was observed in Asia
and the Americas. On a regional scale, the positive link
between DPT and ASPR was evident in Southeast Asia,
Andean Latin America, North Africa, and the Middle
East. We found no significant association between annual
temperature fluctuations and the prevalence of male
infertility (Table S2).

Future male infertility prevalence

Across all SSP scenarios, projections indicated a ris-
ing trend in male infertility ASPR. From 2020 to 2030,
however, no notable differences in ASPR were detected
among the various SSP scenarios (Fig. 4). However, over
a longer time horizon, the prevalence of male infertility
increased progressively across SSP126, SSP245, SSP370,
and SSP585 (Figure S2). North Africa and the Middle
East are projected to experience higher levels of male
infertility ASPR compared to the global average, whereas
Southeast Asia and Andean Latin America are expected
to have lower levels (Fig. 4).

Sensitivity analysis

The sensitivity analyses further reinforce the robustness
of our main findings. First, the analysis using geographic
detectors and RCS curves at three time points (2000,
2010, and 2019) yielded results consistent with those of
our primary analysis (Table S3, Figure S3). In addition,
the relationship between DPT and male infertility ASPR
remained consistent following a square root transforma-
tion (Table S4). Summary statistics for temperature, male
infertility prevalence, and relevant covariates spanning
1990 to 2019 are presented in Table S5 and S6, with trend
patterns visualized in Figure S4. Following the inclusion
of data from 1990 to 1999, geographic detector analysis
continued to support a spatial link between temperature
and male infertility ASPR, and the adjusted RCS curves
maintained the previously observed U-shaped nonlinear
relationship (Figure S5). Although incorporating earlier
data slightly reduced the statistical strength of the asso-
ciation between DPT and male infertility prevalence, the
direction of the effect remained aligned with the initial
findings (Table S7).

Discussion

This study explored the association between temperature
variation and the prevalence of male infertility over the
past two decades. The results indicated a spatial corre-
lation between temperature and male infertility ASPR.
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Fig. 3 Subgroup analysis of the association between DPT and prevalence of male infertility, 2000-2019. Adjustments were made for the sociodemo-
graphic index, smoking prevalence, alcohol consumption per capita, NO,, and Os levels. DPT, deviance percentage of temperature. *Unit: per 100,000

population

Additionally, a U-shaped pattern was identified in the
relationship between temperature and ASPR. Larger
deviations in annual temperature from long-term aver-
ages were linked to higher male infertility ASPR. Pro-
jections suggest that future temperature increases may
further elevate male infertility prevalence.

Unsuitable ambient temperatures may negatively
affect male reproductive health. Previous studies have

demonstrated that exposure to high temperatures can
impair male fertility [28-30]. Additionally, Wang C et
al. conducted a retrospective study analyzing semen
samples from 11,877 men to investigate the exposure-
response relationship between environmental tempera-
ture and semen parameters [9]. Their results indicated a
U-shaped exposure-response curve, suggesting that both
extremely low and high temperatures impacted semen
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quality adversely. Similarly, Zhou Y et al. conducted a
longitudinal study involving 10,802 volunteers in China
and observed that both lower and higher ambient tem-
perature exposures, compared with the optimal tempera-
ture, were associated with decreased semen quality [10].
Consistent with previous research, our study observed
a U-shaped relationship between temperature and male
infertility ASPR, with the lowest prevalence occurring at
moderate temperatures (approximately 16 °C). However,
unlike prior studies that primarily focused on individual
semen parameters or specific regional populations, our
study investigated the association between temperature
and male infertility prevalence at a global scale, providing
insights into potential population-level factors influenc-
ing male infertility.

Studies directly examining the impact of temperature
changes on male fertility remain limited, making com-
parisons with previous research challenging. However,
Jorgensen et al. reported seasonal variations in sperm
concentration and total sperm count among European
men, with values in summer reduced to approximately
70% of those in winter [31]. Similar seasonal patterns
were observed in studies by Gyllenborg et al. and Tjoa et
al. [32, 33], suggesting that the change of environmental
heat exposure may influence male fertility. Evidence from
animal studies further supports this hypothesis. Souza et
al. conducted a climate-controlled chamber experiment
simulating the IPCC’s 2100 climate scenario to assess the

effects of climate change on male zebrafish reproduc-
tive function [34]. Their findings revealed a significant
reduction in the gonadosomatic index, decreased sperm
production, and increased germ cell shedding and apop-
tosis, potentially driven by oxidative stress, upregulation
of pro-apoptotic genes, and DNA damage. Similarly,
Breckels et al. found that rising temperatures reduced
sperm length and motility in guppies, highlighting the
sensitivity of sperm performance to warming condi-
tions [35]. Although a substantial difference in species
exists between fish and humans, these findings may pro-
vide valuable insights into the potential effects of climate
change on male fertility.

The association between temperature change and
male infertility ASPR was more pronounced in middle-
and high-SDI regions, as well as in specific areas such as
Southeast Asia, Andean Latin America, North Africa,
and the Middle East. Several factors may explain these
patterns. In higher-SDI regions, more advanced health-
care infrastructure, better diagnostic capabilities, and
more comprehensive infertility reporting systems may
enhance the detection of associations between environ-
mental exposures change and male infertility. More-
over, higher levels of industrialization, greater exposure
to environmental pollutants, and lifestyle factors (e.g.,
smoking and alcohol consumption) may amplify the
adverse effects of temperature on male reproductive
health. Urbanization and the urban heat island effect
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in these regions may further exacerbate temperature-
related risks. In contrast, low-SDI regions may expe-
rience challenges such as limited healthcare access,
underreporting of infertility, and incomplete data col-
lection, potentially masking the temperature-infertility
relationship. In regions such as Southeast Asia, Andean
Latin America, North Africa, and the Middle East, the
combination of high exposure to extreme temperatures
and socio-economic disparities may increase vulnerabil-
ity to heat-related reproductive health risks. Collectively,
these findings underscore the need for further research
to investigate the complex interplay between temperature
change, environmental exposures, and social determi-
nants of health, particularly in the context of accelerat-
ing climate change. Additionally, our study projected that
future temperature increases will lead to a continued rise
in male infertility ASPR. These findings suggest that pub-
lic health authorities should place greater emphasis on
male infertility prevention and control. Furthermore, cli-
mate change, as a potential risk factor affecting reproduc-
tive health, warrants further investigation.

Regarding climate change, the impact of rising ambi-
ent temperatures on male reproductive health remains
unclear. Increased heat exposure and elevated scrotal
temperature are considered important contributors to
declining male fertility. Under physiological conditions,
scrotal temperature is maintained at 2—4 °C lower than
core body temperature, with the temperature within the
testes closely reflecting the surrounding scrotal skin tem-
perature. Any factor that elevates scrotal temperature
may disrupt spermatogenesis [36]. Evidence suggests
that prolonged exposure to high temperatures can impair
the scrotum’s thermoregulatory capacity, while even a
1-1.5 °C increase in scrotal temperature may reduce
sperm production and induce abnormal sperm morphol-
ogy [37, 38]. The underlying mechanisms are thought to
involve increased testicular oxygen consumption, insuf-
ficient blood supply, local hypoxia, oxidative stress, and
elevated sperm DNA fragmentation [39, 40]. Short-
term increases in scrotal temperature may also revers-
ibly reduce the expression of key proteins essential for
sperm flagellar structure and function, thereby impair-
ing sperm motility [41]. Furthermore, heat exposure has
been shown to downregulate mitochondrial activity and
decrease ATP synthesis, leading to reduced sperm motil-
ity [42]. Recent studies have reported that sub chronic
increases in ambient temperature may induce epigenetic
alterations in sperm, potentially affecting male reproduc-
tive function [43]. Although animal studies have dem-
onstrated that ambient temperature can impair male
fertility by disrupting sex hormone production, evidence
from human studies remains limited, suggesting that
hormonal changes may not represent the primary mech-
anism [44].
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Strength and limitations

A key strength of this study is the inclusion of data from
a wide range of regions and the use of high-quality, reli-
able datasets, which contribute to the robustness of the
findings. Nonetheless, several limitations should be
acknowledged: (1) As an ecological study, the observed
association between ambient temperature and male
infertility ASPR cannot be interpreted as causal, and fur-
ther research is required to confirm any causal link; (2)
The study relies on data aggregated at a broad spatial
scale, which limits the ability to precisely evaluate indi-
vidual-level exposure, making it necessary to exercise
caution when extrapolating these results to individuals;
(3) Variations in healthcare infrastructure and medi-
cal conditions across different countries or regions may
influence male infertility prevalence, potentially leading
to biased estimates of the temperature-ASPR relationship
if such differences are not adequately controlled. More-
over, the study did not account for other environmental
pollutants that may also play a role in male infertility
risk. (4) Although we included temperature variability
indicators to capture intra-annual temperature fluctua-
tions, our study was limited in its ability to assess the
seasonal dependence of male infertility prevalence. This
limitation arises from the fact that the GBD provides
only annual estimates of male infertility prevalence, pre-
venting a direct analysis of the association between sea-
sonal variations and male infertility prevalence. (5) In
our study, we relied on a single climate model (CESM2)
for predictions. Incorporating multiple climate models
using a multi-model ensemble (MME) approach could
help reduce uncertainty in future temperature projec-
tions and enhance prediction accuracy [45]. Additionally,
the projections in this study are derived from simplified
model assumptions. In reality, climate systems are more
intricate, and various unmeasured factors could impact
the outcomes. Therefore, these results should be viewed
as indicative of possible future trends rather than exact
forecasts of prevalence.

Conclusion

In summary, variations in temperature may be linked to
a rise in male infertility ASPR. As such, climate change
should be recognized as a potential risk factor for repro-
ductive health and warrants greater attention. Contin-
ued research is essential to more accurately evaluate the
causal relationship between ambient temperature devia-
tions and male infertility.
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