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Abstract: Background. A large multicentre European study reported later onset of menopause
among women residing in greener areas. This influence on the timing of a reproductive
event like menopause, raises the question whether similar associations can be
observed with timing of menarche. We investigated whether exposure to residential
green space was related to the age at menarche in German and Australian adolescent
girls.
 
Methods. The analytic samples comprised of 1,706 German and 1,474 Australian
adolescent girls. Percentage of green space was calculated in 1,000 m buffers around
a residential address or its surrogate at the previous follow-up. Mixed effects Cox
proportional hazard models were used to explore the associations. The survival object
was the occurrence of menarche at the time of follow-up (15-year follow-up of the
German cohorts and the study wave at 14-15 years in the Australian cohort) and
number of years since baseline (10-year follow-up in the German cohort and the study
wave at 10-11 years in the Australian cohort). Participants who did not reach menarche
were included as censored observations.
 
Results. A greener residence was not associated with the age at menarche. Null
findings were consistent in the general population and in analyses stratified by
socioeconomic status or urbanicity in both countries. Urban residents were more likely
to have earlier menarche, and this association was consistent across Germany and
Australia.
 
Conclusion. The results of our analysis do not support the hypothesis that residing in
places with more green space can influence timing of menarche. However, given the
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limitations of our study, researchers should not be discouraged to further explore
environmental risk factors of early menarche.
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Prof. Antonia Calafat, Prof. Holger Koch 
Editors-in-Chief 
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September 13, 2021 
 
 
Dear Editors, 
 

For your consideration, please find enclosed the manuscript entitled „Residential 
green space and age at menarche in German and Australian adolescent girls: a 
longitudinal study”, submitted as an original manuscript to The International 
Journal of Hygiene and Environmental Health. 

In the current study, we explored whether exposure to residential green space was 
related to the age at menarche in 1,706 German and 1,474 Australian adolescent 
girls. Although the results of our analysis do not support the hypothesis that residing 
in places with more green space can influence timing of menarche, we observed that 
residents of urban areas were more likely to have earlier menarche, and this 
association was consistent across two countries and continents. To the best of our 
knowledge, we are the first study on green space and age at menarche, and the 
second study on green space and reproductive events, after Triebner et al. 2019 
(https://www.sciencedirect.com/science/article/pii/S0160412019311298). 

The manuscript has been prepared according to the Instructions for Authors of The 
International Journal of Hygiene and Environmental Health. The work in this 
manuscript has not been submitted elsewhere. All co-authors have approved the 
final text for publication. 

 

Sincerely, 

Dr. Iana Markevych on behalf of all co-authors 
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Abstract 45 
 46 
Background. A large multicentre European study reported later onset of menopause among 47 
women residing in greener areas. This influence on the timing of a reproductive event like 48 
menopause, raises the question whether similar associations can be observed with timing of 49 
menarche. We investigated whether exposure to residential green space was related to the 50 
age at menarche in German and Australian adolescent girls. 51 
 52 
Methods. The analytic samples comprised of 1,706 German and 1,474 Australian adolescent 53 
girls. Percentage of green space was calculated in 1,000 m buffers around a residential 54 
address or its surrogate at the previous follow-up. Mixed effects Cox proportional hazard 55 
models were used to explore the associations. The survival object was the occurrence of 56 
menarche at the time of follow-up (15-year follow-up of the German cohorts and the study 57 
wave at 14-15 years in the Australian cohort) and number of years since baseline (10-year 58 
follow-up in the German cohort and the study wave at 10-11 years in the Australian cohort). 59 
Participants who did not reach menarche were included as censored observations. 60 
 61 
Results. A greener residence was not associated with the age at menarche. Null findings 62 
were consistent in the general population and in analyses stratified by socioeconomic status 63 
or urbanicity in both countries. Urban residents were more likely to have earlier menarche, 64 
and this association was consistent across Germany and Australia. 65 
 66 
Conclusion. The results of our analysis do not support the hypothesis that residing in places 67 
with more green space can influence timing of menarche. However, given the limitations of 68 
our study, researchers should not be discouraged to further explore environmental risk factors 69 
of early menarche. 70 
 71 
Key words: greenspace; greenness; sexual maturation; puberty; children; epidemiology  72 
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Abbreviations 73 
 74 
DAG Directed Acyclic Graph 
DEGURBA Degree of Urbanisation 
GINIplus  German Infant Study on the influence of Nutrition Intervention PLUS 

environmental and genetic influences on allergy development 
LISA Influence of life-style factors on the development of the immune system and 

allergies in East and West Germany  
LSAC The Longitudinal Study of Australian Children 
MMU Minimum mapping unit 

PA Physical activity 
SA2 Statistical area 2 
SES Socioeconomic status 
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Introduction 76 
 77 
Menarche – the first occurrence of menstruation – is the most memorable puberty event in a 78 
woman’s life, and it marks sexual maturation and fertility onset (Jones & Lopez 2014). Most 79 
females reach menarche between 11 and 15 years (Jones & Lopez 2014), but slight 80 
differences are observed across geographic regions (InterLACE Study Team, 2019). Age at 81 
menarche predetermines female health and aging during the lifespan (Forman et al. 2013). 82 
For example, early menarche has been linked to an increased risk of breast cancer 83 
(Collaborative Group on Hormonal Factors in Breast Cancer 2012), cardiovascular events 84 
(Lee et al. 2019), diabetes (Elks et al. 2013), and obesity (Prentice & Viner 2017).  85 
 86 
Therefore, it is important to build evidence for public policy options that reduce the risk of early 87 
menarche at a population-level. However, most research so far has tended to focus on genetic 88 
and nutritional factors, as well as the general health status as predictors of sexual maturation 89 
(Yermachenko & Dvornyk 2014; Calthorpe et al. 2019; Juul et al. 2017; Webster et al. 2014).  90 
 91 
Nevertheless, the currently increasing trend of urban greening (Haahland & van den Bosch 92 
2015; Hartig & Kahn 2016), might be a favourable option that is easily implemented and comes 93 
along with numerous other beneficial health effects, such as relieving stress (Shuda et al. 94 
2020), lowering adiposity risk (Luo et al. 2020), and supporting physical activity (PA) (Wilkie 95 
et al. 2019). All of the above factors are known to be related to the timing of reproductive 96 
events (Yermachenko & Dvornyk 2014; Calthorpe et al. 2019; Juul et al. 2017; Webster et al. 97 
2014). It can thus be speculated that green space can affect age at menarche or menopause 98 
via reducing psychological stress, facilitating physical activity, and decreased obesity 99 
(Markevych et al. 2017).  100 
 101 
Indeed, one study conducted in 18 study centres across nine European countries reported 102 
later onset of menopause among women residing in greener areas (Triebner et al. 2019). 103 
However, no study tested whether green space may also support risk reduction of early 104 
menarche. In this study, we investigated whether exposure to residential green space was 105 
related to the timing of menarche in adolescent girls residing in Germany and Australia. 106 
 107 
Methods 108 
 109 
Study populations 110 
 111 
The current analysis is based on the data collected within the two multicentre German birth 112 
cohorts – German Infant Study on the influence of Nutrition Intervention PLUS environmental 113 
and genetic influences on allergy development (GINIplus) and Influence of life-style factors on 114 
the development of the immune system and allergies in East and West Germany (LISA) - and 115 
the nationwide Australian the Longitudinal Study of Australian Children (LSAC) cohort.  116 
 117 
GINIplus and LISA are ongoing population-based multicentre birth cohorts that recruited 118 
healthy full term and normal birth weight neonates in selected maternal wards (Heinrich et al. 119 
2017). GINIplus participants were enrolled in the cities of Munich and Wesel between 1995 120 
and 1998 (n=5,991, including 3,270 girls). LISA participants were enrolled in the cities of 121 
Munich, Wesel, Leipzig, and Bad Honnef between 1997 and 1999 (n=3,094, including 1,510 122 
girls). While LISA was a regular population-based cohort, GINIplus consisted of an arm that 123 
participated in an intervention trial with hypoallergenic feeding formulae and the observational 124 
arm. Mainly, data from the 10-year (2005 to 2009) and 15-year (2011 to 2014) follow-ups were 125 
extracted and used for the current analysis. Data from the cohorts were combined as their 126 
designs were harmonised. Eligible participants had to have available data on age at 127 
menarche, geocoded home addresses at age 10 (to assign green spaces variables), and 128 
selected confounders. The analytic German sample thus comprised 1,706 girls recruited in 129 
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Munich (n = 1,008), Wesel (n = 629), and Leipzig (n = 159). A detailed flowchart of the German 130 
participants is provided in Figure S1. 131 
 132 
The LSAC kindergarten cohort is a population-based nationwide study recruited in 2004, aged 133 
4 to 5 years, from postcodes distributed across Australia (Australian Institute of Family 134 
Studies, 2013). The Medicare database was used for recruitment, and a spatially clustered 135 
sampling was applied to ensure representative coverage across all states and territories 136 
(LSAC Technical Paper No. 1, 2005). A single child per family was selected. The response 137 
rate was 79.4%. Data were mainly extracted from the 2010 (10-11 year-olds) and 2014 (14-138 
15 year-olds) waves of the cohort. To be eligible for our study, participants had to be born at 139 
full-term and with normal birth weight with available data on age at menarche, and 140 
confounders. The analytic Australian sample comprised 1,474 girls. A detailed flowchart of the 141 
Australian participants is provided in Figure S2. 142 
 143 
GINIplus and LISA studies were approved by the ethical committees at the Bavarian Board of 144 
Physicians, the University of Leipzig, and the Board of Physicians of North Rhine-Westphalia. 145 
The Australian Government Department of Social Services and the ethical committee from the 146 
University of Wollongong (HREC 2019/015) approved the data analysis from the LSAC study. 147 
All families of the three cohorts provided written informed consent. 148 
 149 
Age at menarche 150 
 151 
In both German and Australian samples, occurrence of menarche and age at menarche was 152 
collected using questionnaires.  In Germany, the data were self-reported at the 15-year follow-153 
up. In Australia, these data were collected from parental reports when the girls were 10-15 154 
years old. 155 
 156 
Green space  157 
 158 
Percentage of structured green space was calculated in 1000 m buffers around the residential 159 
address of each child at the previous follow-up, or the surrogate of a residential address.  160 
 161 
In Germany, residential addresses were collected and geocoded at the 10-year follow-up. A 162 
combination of CORINE land cover and Urban Atlas land use data from 2012 was used to 163 
derive green space across Germany. The rationale for combining these two datasets was their 164 
coverage and resolution. Urban Atlas uses a minimum mapping unit (MMU) of 0.25 ha but it 165 
covers only metropolitan areas of Europe (i.e. with population >=100,000 residents). CORINE 166 
data cover Europe entirely but the MMU is 25 ha, which reduces its utility for assessing green 167 
space availability within urban areas where pocket parks and gardens are prevalent but not 168 
captured (Mitchell et al. 2011; Annerstedt van den Bosch et al. 2016). Thus, in the combined 169 
dataset, Urban Atlas covers urban areas/suburban areas while CORINE covers rural areas. 170 
Urban green spaces, sport and leisure facilities, forests, and shrubs were included in the 171 
definition of green space.  172 
 173 
In Australia, the Statistical Area 2 (SA2) was the smallest geographical unit available to 174 
characterize residential address. SA2 broadly corresponds to Australian suburbs of 175 
approximately 10,000 residents on average (Australian Statistical Geography Standard 2011). 176 
The population-weighted centroid of each SA2 was used as a surrogate of a residential 177 
address at 10-11 years. Mesh Blocks v2011 classified by the Australian Bureau of Statistics 178 
as “parkland” were considered green space. Australian “parkland” definition is very similar to 179 
the German green space definition. 180 
 181 
Since the green space variables were highly right skewed in both analytical samples, we 182 
classified them into country-specific tertiles. Green space as continuous variables were used 183 
as a sensitivity analysis. 184 
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 185 
Confounders and effect modifiers 186 
 187 
Determinants of the age at menarche, beyond genetic factors (Day et al. 2017), have been 188 
scarcely investigated. However, socioeconomic status (SES), growing up without a father, 189 
maternal smoking during pregnancy, birth weight, childhood nutrition, prepubertal adiposity, 190 
prepubertal PA, and rural or urban residence have been found to be related to age at 191 
menarche (Yermachenko & Dvornyk 2014; Calthorpe et al. 2019; Juul et al. 2017; Webster et 192 
al. 2014). We constructed a directed acyclic graph (DAG), as implemented in dagitty.net 193 
(Textor et al. 2016), to select a minimum sufficient set of confounders (Greenland et al. 1999) 194 
(Figure 1). SES, growing up without a father, and urbanicity were selected as confounders. 195 
For better comparability we used as similar as possible definitions of the above confounders 196 
for the two samples.  197 
 198 
Maternal education was used as a proxy for SES and defined as the highest number of school 199 
years a child’s mother spent in education (<10 years vs =10 years vs >10 years). In Germany, 200 
residential urbanicity at 10 years follow-up was defined according to the standard EU Degree 201 
of Urbanisation (DEGURBA) (European Commission 2011) classification for the year 2014. 202 
Briefly, Degree of Urbanisation (DEGURBA) classifies all EU municipalities (LAU2) into three 203 
categories: (i) cities (densely populated areas), (ii) towns and suburbs (intermediate density 204 
areas), and (iii) rural areas (thinly populated areas). In Australia, the Australian Bureau of 205 
Statistics (ABS) classifies SA2s into ‘Section of State’ categories as follows: (i) “major urban” 206 
(all urban centres with a population of 100,000 or more); (ii) “other urban” (all urban centres 207 
with a population between 1,000 and 99,999); (iii) “bounded locality” (represents a combination 208 
of all localities); (iv) “rural balance” (represents the remainder of all states and territories). 209 
“Bounded localities” and “rural balance” categories were aggregated due to small numbers 210 
and in line with published guidance (Australian Statistical Geography Standard, 2016). In 211 
Germany, a proxy for growing up without a father was an affirmative parental response to the 212 
question “Are you a single parent?” at 10-year-follow-up questionnaire. In Australia, an 213 
affirmative parental response to the question “Were study child's biological parents ever 214 
married?” was used when the study child was aged 10-11 years old. 215 
 216 

217 
Figure 1. Directed Acyclic Graph (DAG) for the association between residential green space 218 
and age at menarche.  219 
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Identified minimal sufficient adjustment set included maternal education, single mother 220 
household, and urbanicity (red ovals). Maternal smoking during pregnancy is controlled for by 221 
adjustment for maternal education. Heritability is only related to the outcome and therefore is 222 
not a confounder. Birth weight, prepubertal physical activity, and prepubertal adiposity are 223 
identified as factors on the pathway between residential green space and age at menarche 224 
and therefore should not be adjusted for (green arrows mark mediation pathways).  225 
 226 
Statistical analysis 227 
 228 
The German and the Australian samples were analysed in parallel to compare findings across 229 
these countries. First, we applied univariate log-rank test to check the survival distribution over 230 
different groups, including green space tertiles and categories of each confounder. Both 231 
German and Australian data were hierarchically sampled. Therefore, we fitted mixed effects 232 
Cox proportional hazard models on both samples. For analysing the German data, a cluster 233 
variable was created as a combination of area (Munich, Wesel, Leipzig) and study (GINIplus 234 
intervention, GINIplus observation, LISA). In Australia, SA2 served as a cluster variable. 235 
Survival object was the occurrence of menarche (yes, no) at the time of follow-up (15-year 236 
follow-up in German data and 14-15 years study wave in Australian data) and number of years 237 
since baseline (i.e., 10-year follow-up in German data and 10-11 years study wave in 238 
Australian data). Participants who did not reach menarche within the study time were included 239 
as censored observations. The proportional hazards assumption was checked based on the 240 
scaled Schoenfeld residuals. The models were adjusted for the aforementioned DAG-defined 241 
confounders. In addition, models on Australian data were also adjusted for age at baseline. 242 
 243 
As a sensitivity analysis on the German sample, percentage of structured green space within 244 
500 m buffers around a residential address (in tertiles and as a continuous variable) was used 245 
as exposure variable. As we only had a surrogate for a residential address for the Australian 246 
sample, this analysis was not performed on Australian data.  247 
 248 
To check potential effect modification, analyses across both samples were stratified by 249 
maternal education (> 10 years, = 10 years, < 10 years) and urbanicity (in Germany: urban, 250 
suburban, rural; in Australia: major urban, other urban, rural). In addition, analyses conducted 251 
on the German sample were stratified by study centre (Munich, Wesel, Leipzig). 252 
 253 
The German data were analysed using packages survival and survminer as implemented in 254 
R v.4.0.2 (Vienna, Austria). The Australian data were analysed using the stcox command with 255 
robust standard errors to allow for spatial clustering (Williams 2000) in Stata v14 (College 256 
Station, TX, USA). 257 
 258 
 259 
Results 260 
 261 
All but 4.3% German adolescent girls reported menarche by the age of 15 years (Table 1). In 262 

the Australian sample, this value was 5.1% by the age of 14-15 years.  263 

The log-rank test univariate descriptive analyses provided little evidence of a likely association 264 

between time to menarche and green space in either of the samples (Table 1). No differences 265 

in age at menarche were observed by maternal education level. However, German and 266 

Australian adolescent girls residing outside of urban areas were less likely to have 267 

experienced menarche than their urban peers. Single parent households were also related to 268 

earlier age at menarche in German girls, while in Australian girls, this association was in the 269 

other direction and borderline significant only. 270 

Results from the Cox proportional hazards models were entirely in line with the univariate 271 

findings (Table 2). Residing in places with larger amounts of green spaces was not related to 272 
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the timing of menarche in German or Australian girls. This null finding was consistent 273 

irrespective of how green space data were treated: as tertiles (Model 1 in table 2), or as 274 

continuous variable (Model 2).  Rural residence was associated with later menarche in both 275 

samples across two models. Single parent households were linked to earlier menarche in 276 

German girls and not related to age at menarche in Australian girls. Results did not materially 277 

change when a 500 m buffer was considered as exposure (Table S1).  278 

Urbanicity or maternal education did not modify the association between green space and age 279 

at menarche (Figure 2). Association between green space and age at menarche remained 280 

null in all study areas in Germany (Figure S3).  281 
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Table 1. Descriptive characteristics of the German and Australian samples of adolescent girls 

German adolescent girls Australian adolescent girls 

Menarche  N % N %  Menarche 

No  73 4.3 75 5.1  No 

Yes  1,633 95.7 1,399 94.9  Yes 

        

Age at menarche, years  N % N %  Age at menarche, years 

10  42 2.6 30 2.0  10 

11  184 11.3 27 1.8  11 

12  503 30.8 384 26.1  12 

13  604 37.0 376 25.5  13 

14  283 17.3 375 25.4  14 

15  17 1.0 207 14.0  15 

        

Log-rank test for equality of survivor function  

Green space N (%) 
Events  

observed 
Events  

expected N (%) 
Events  

observed 

Events  
expect

ed Green space 

Tertile 1 [0 - 7.19 %] 569 (33.4) 538 563 492 (33.4) 451 472 Tertile 1 [0 - 5.7 %] 

Tertile 2 (7.19 - 16.9 %] 568 (33.3) 549 526 492 (33.4) 464 455 Tertile 2 (5.8 - 12.6 %] 

Tertile 3 (16.9 - 70.3 %] 569 (33.4) 546 544 490 (33.2) 454 442 Tertile 3 (12.7 - 100.0 %] 

p-value   0.1389   0.2753 p-value 

        

Maternal education N (%) 
Events  

observed 
Events  

expected N (%) 
Events  

observed 

Events  
expect

ed Maternal education 

< 10 years 156 (9.1) 148 147 61 (4.1) 54 47 < 10 years 

= 10 years 676 (39.6) 646 653 281 (19.1) 261  264 = 10 years 

> 10 years 874 (51.2) 842 833 1,118 (75.9) 1040 1041 > 10 years 

p-value   0.7738   0.5117 p-value 
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Single parent household N (%) 
Events  

observed 
Events  

expected N (%) 
Events  

observed 

Events  
expect

ed Single parent household 

No 1525 (89.4) 1,456 1,476 1,107 (75.1) 1029 1043 No 

Yes 181 (10.6) 177 157 79 (5.4) 69 77 Yes 

p-value   0.0190   0.0767 p-value 

        

Urbanicity of the residence N (%) 
Events  

observed 
Events  

expected N (%) 
Events  

observed 

Events  
expect

ed Urbanicity of the residence 

Urban 625 (36.6) 606 580 941 (63.8) 882 841 Major urban 

Suburban 808 (47.4) 773 773 310 (21.0) 280 304 Other urban 

Rural 273 (16.0) 254 280 223 (15.1) 207 224 Rural 

p-value   0.0324   0.0091 p-value 

        

    N (%) 
Events  

observed 

Events  
expect

ed Age at baseline 

    1,002 (68.0) 911 911 10 

    472 (32.0) 458 458 11 

      0.9836 p-value 
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Table 2. Associations between residential green space and age at menarche in German and Australian adolescent girls, as measured by multi-
level1 Cox proportional hazards models 
German adolescent girls HR (95% CI) HR (95% CI) Australian adolescent girls 

Model 1   Model 1 

Green space in tertiles (ref.: Tertile 1 [0 - 7.19 %]) 1 1 Green space in tertiles (ref.: Tertile 1 [0 - 5.7 %]) 
Tertile 2 (7.19 - 16.9 %] 1.087 (0.963; 1.228) 1.014 (0.918; 1.121) Tertile 2 (5.8 - 12.6 %] 
Tertile 3 (16.9 - 70.3 %] 1.034 (0.915; 1.168) 1.040 (0.943; 1.146) Tertile 3 (12.7 - 100.0 %] 

    

Maternal education (ref.: < 10 years) 1 1 Maternal education (ref.: < 10 years) 
= 10 years 1.006 (0.841; 1.204) 0.890 (0.689; 1.150) = 10 years 
> 10 years 1.040 (0.873; 1.240) 0.884 (0.697; 1.120) > 10 years 

    

Single parent household (ref.: No) 1 1 Single parent household (ref.: No) 
Yes 1.178 (1.006; 1.380) 0.912 (0.744; 1.118) Yes 

    

Urbanicity (ref.: Urban) 1 1 Urbanicity (ref.: Major urban) 
Suburban 0.941 (0.844; 1.048) 0.874 (0.786; 0.972) Other urban 
Rural 0.854 (0.734; 0.994) 0.889 (0.796; 0.993) Rural 

    

  0.998 (0.919; 1.083) Age at baseline, years 

    
Model 2   Model 2 

Green space continuous (per 10 % increase) 1.019 (0.981; 1.059) 1.009 (0.979; 1.039) Green space continuous (per 10 % increase) 

    

Maternal education (ref.: < 10 years) 1 1 Maternal education (ref.: < 10 years) 
= 10 years 1.000 (0.836; 1.197) 0.895 (0.693; 1.016) = 10 years 
> 10 years 1.032 (0.865; 1.231) 0.887 (0.700; 1.124) > 10 years 

    

Single parent household (ref.: No) 1 1 Single parent household (ref.: No) 
Yes 1.186 (1.013; 1.389) 0.912 (0.744; 1.118) Yes 

    

Urbanicity (ref.: Urban) 1 1 Urbanicity (ref.: Major urban) 
Suburban 0.937 (0.842; 1.043) 0.872 (0.786; 0.967) Other urban 
Rural 0.848 (0.730; 0.984) 0.882 (0.796; 0.978) Rural 

    
  0.998 (0.920; 1.083) Age at baseline, years 

Abbreviations: CI – confidence interval; HR - Hazards Ratio. 
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1 In German data, a cluster variable was created as a combination of an area (Munich, Wesel, Leipzig) and a study (GINIplus intervention, GINIplus observation, 
LISA). In Australia, SA2 served as a cluster variable. 
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Figure 2. Models stratified by urbanicity (upper panel) and education (lower panel).  Results 
are from multilevel Cox proportional hazards models adjusted for single parent household, 
age at baseline (Australian data), maternal education (in stratified by urbanicity models only), 
and urbanicity (in stratified by maternal education models). In German data, a cluster variable 
was created as a combination of an area (Munich, Wesel, Leipzig) and a study (GINIplus 
intervention, GINIplus observation, LISA). In Australia, SA2 served as a cluster variable.
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Discussion 
 
The results of our analysis in two samples of adolescent girls from Germany and Australia do 
not support the hypothesis that residing in places with more green space can influence timing 
of menarche. This null finding was consistent when tested in the general population and when 
subjected to stratified analyses by SES and urbanicity. 
 
To the best of our knowledge, our study is the first to explore potential association between 
green space and menarche timing. Only one study was published on timing of reproductive 
events (menopause) and green space, and it has revealed the protective effect (i.e. later 
menarche) of green space (Triebner et al. 2019). There are several foundations to believe 
menarche can be affected by greener residence: green space has stress-reduction properties, 
as has been shown by many experimental (Ohly et al. 2016) and epidemiological studies 
(Shuda et al. 2020). In turn, early-life and preadolescence stress triggers menarche 
(Yermachenko & Dvornyk 2014). In addition, greener living environment can motivate people 
be more physically active (Markevych et al. 2017). 
 
We were able to confirm the already known association of earlier puberty onset in urban areas 
(Hesketh et al. 2002; Ajong etal. 2020; Devi et al. 2018; Said-Mohamed et al. 2018). In low- 
income countries, the association is postulated to be explained by a better nutritional status of 
girls living in urban areas that facilitates the process of maturation (Hesketh et al. 2002; Ajong 
etal. 2020; Devi et al. 2018; Said-Mohamed et al. 2018). The same mechanism is assumed to 
generally have shifted age at menarche over the last century (InterLACE Study Team 2019). 
We speculate that in our two high-income countries, a different mechanism is more likely to 
serve as an explanation, for instance, higher levels of air pollution in cities compared to less 
urbanized areas. There is some research suggesting air pollution can decrease age at 
menarche (e.g. Jung et al. 2018), although this association is scarcely researched.  
 
Our findings should be interpreted considering the limitations of our data. The increments of 

one year for age at menarche possibly blurred the observed picture and availability of these 

data with monthly increments instead could have helped us to detected potentially small 

underlying effects. Nevertheless, bearing in mind that at least the Australian data were parent-

reported, asking for age at menarche in years instead of months could have prevented a 

substantial amount of recall bias. To a lesser extent, the same holds true for the self-reported 

German data. The data in both samples were collected prospectively. However, residential 

history was not exhaustive to use lifelong exposure to green space instead of exposure from 

preadolescence. While we had home addresses for German girls, for Australian girls, 

population-weighted centroids of SA2 areas had to be employed as address proxies. All of the 

above could have introduced measurement error and distorted the precision of the effect 

estimates. 

 

The publicly available green space data included structured green spaces but excluded 

vegetation outside of them, like street trees, small private gardens, or flower beds, which are 

also relevant at least considering the stress alleviation properties of green space. Even more 

importantly, we did not have information on the amount of time girls were spending in green 

spaces. Less crucial but still not to be neglected was, that neither our SES proxy, nor proxies 

for growing up without a father were ideal. The former did not include household income and 

professional status of parents and had to rely only on maternal education. The latter could not 

be captured in any of the datasets: a father can still play a meaningful role without being 

married (Australian data) or living in the same household (German data). In 5% of cases in 

the German sample, fathers were respondents. This means that small fraction of the 

households were single fathers, not mothers.  
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Apart from those limitations, our study has also several strengths. This is the first study, which 

tested whether living in green areas impacts the onset of menarche. An improved 

understanding of modifiable factors for the onset of early menarche has far reaching 

implications from a public health perspective. Furthermore, we conducted the analyses in two 

different countries and continents with substantial differences in green space quality, 

presumably the usage of green space, and health characteristics of underlying populations, 

but we found consistent results. We consider the prospectively collected data of relatively 

large study populations as a further strength.  We cautiously selected confounders and made 

our two parallel analyses as much in line with each other as it was possible.  

To conclude, although our analyses did not confirm the association between green space and 

age at menarche, researchers are not discouraged to further explore potentially modifiable 

environmental risk factors of early menarche, because of the uncertain understanding of 

modifiable factors for menarche onset and the limitations of our study. 
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