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1  | INTRODUC TION

The human microbiome plays an important role in the development 
of allergic diseases and asthma.1 According to the “biodiversity 
hypothesis,” a lower exposure to the natural environment and bio-
diversity may adversely affect the human microbiome and its immu-
nomodulatory capacity.2 This hypothesis has been demonstrated in 

studies either showing lower microbiota diversity in the airways of 
children with asthma or finding a lower prevalence of atopic disease 
in children living the first years of their lives surrounded by a diverse 
microbiological environment.2-6

The human microbiome (particularly skin and nasal microbi-
ota) may be influenced through the exposure to different micro-
biota found in fauna and flora species.7,8 Therefore, it is possible 
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Abstract
Background: A lower exposure to the natural environment has been hypothesized 
to adversely affect the human microbiome and its immunomodulatory capacity. 
However, the underlying effects of this hypothesis are still not understood. We 
aimed to evaluate the effect of early-life exposure to greenness and species richness 
on the development of allergic diseases and asthma in children.
Methods: A longitudinal study was conducted comprising 1050 children from a pop-
ulation-based birth cohort recruited in Portugal. Residential normalized difference 
vegetation index (NDVI) and species richness index (SRI) were assessed at baseline 
to estimate their association with allergic diseases and asthma at the ages of 4 and 7.
Results: Significant predisposing associations were observed between the exposure 
to species richness at baseline and the onset of asthma and wheezing at the age of 
7. Children living in neighbourhoods surrounded by high levels of SRI were at a sig-
nificantly higher risk developing allergic sensitization(OR [95% CI] = 2.00 [1.04:3.86] 
at age 4; 2.35 [1.20:4.63] at age 7). Living surrounded by greener environments was 
significantly associated with a lower prevalence of asthma and rhinitis at the age of 
7(0.41 [0.18:0.97] and 0.37 [0.15:0.93], respectively).
Conclusions: Living in close proximity to a greener environment at birth has a pro-
tective effect on the development of allergic diseases and asthma at the age of 7. 
Conversely, living in neighbourhoods with a high number of fauna species appears to 
be associated with a higher risk for allergy, asthma and wheezing.
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to hypothesize that early-life exposure to certain fauna and flora 
species may indirectly influence allergy and asthma onset in chil-
dren. For instance, Hanksi et al were able to demonstrate that en-
vironmental macrobiota, in the form of species richness of native 
flowering plants and land use types in the wider environment, were 
strongly associated with atopy.2 However, estimating macroscopic 
biodiversity exposure is a very complex procedure, requiring the 
combination of taxonomic identification of species with their spatio-
temporal distribution.9 Probably due to this complexity, most studies 
usually focus on estimating normalized difference vegetation index 
(NDVI) to search for associations between green spaces and asthma 
or allergic disease development,10 although resultant effects of ex-
posure are somehow inconsistent between studies.11,12 An epidemi-
ological study in Lithuania found that children exposed to greener 
areas (city parks and other high density of vegetation areas) were at 
a higher risk of developing asthma.10 Similar results were found in 
Spain with a 60% higher prevalence of children with asthma living 
close to parks.13 However, other studies, performed in considerably 
different environments (USA, Finland and Canada), showed a ten-
dency for lower allergic diseases and asthma prevalence in greener 
areas.14-16

A possible reason for these contradicting results may derive 
from the fact that these studies only took into account availability/
accessibility to green space, disregarding the richness of species in 
these areas. Some of the reported protective effects of green envi-
ronments may actually be associated with the autonomic nervous 
system changes attributed to the contact with nature rather than 
a higher biodiversity, leading to stress reduction, lower heart rate 
and lower allostatic load in individuals living in those areas.12,17 

In other words, larger green areas do not necessarily hold higher 
number of species, and, in fact, even small green spaces can hold 
a significant amount of species richness depending on their habitat 
quality.18 Hence, species richness, the number of different species 
represented in a determined landscape,19 should be considered to 
understand how neighbouring greenness associates to allergic dis-
eases and asthma development.

Therefore, this longitudinal study aims to evaluate the effect of 
early-life exposure to greenness and species richness in home sur-
roundings on the development of allergic diseases and asthma in 
children.

2  | METHODS

2.1 | Participants and setting

Data were retrieved from the Generation XXI (G21) birth cohort, 
which assembles 8647 newborns delivered in 2005/6 in Porto 
Metropolitan Area.20-22 Recruitment occurred at the five public ma-
ternity units where 95% of the births in the region occurred. The 
children were re-evaluated at 4 (2009/11) and 7 (2012/4) years 
of age. The study was approved by the Hospital S. João Ethics 
Committee, and a signed informed consent was obtained from the 
participants’ legal guardians. All the phases of the study complied 
with the Ethical Principles for Medical Research Involving Human 
Subjects expressed in the Declaration of Helsinki. Having showed 
a good positional accuracy in a previous study,23 participants were 
georeferenced according to their residential address using ArcGIS 

G R A P H I C A L  A B S T R A C T
Living in a greener neighbourhood at birth is associated with a lower prevalence of asthma and rhinitis at the age of seven. Living in a 
neighbourhood with high numbers of fauna species is associated with an increased risk for allergic diseases and asthma in children. The 
associations between the contact with nature and the development of asthma are stronger among children with a later onset of disease.
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Online World Geocoding Service and Google Earth, thereby allow-
ing matching participants to places and the tracking of environ-
mental exposures. The residential geolocation corresponded to the 
participant's address at birth.

For the present study, and since species richness data was only 
available for the city of Porto, a subset of all children living (upon 
birth) in the municipality of Porto were included in the present study, 
totalling 1050 children (546 females). Porto municipality is located 
in the northwest of Continental Portugal and has approximately 
215 000 inhabitants, distributed across 41.7 km2. Porto is limited by 
the Atlantic coast and extends along the Douro River estuary. It is an 
industrial and port city within the second largest metropolitan area 
of Portugal, with roughly 1.3 million inhabitants.

2.2 | Health outcomes

A self-reported symptoms and history of medical diagnosis ques-
tionnaire, based on the International Study on Allergy and Asthma 
Meeting(ISAAC) standardized questionnaire,24 was completed by the 
participants’ legal guardians at the ages of 4 and 7 cohort follow-up.

Relevant questions included: “Has your child ever been diagnosed 
with allergy by a physician?”; “Has your child experienced episodes of 
wheezing in the past 12  months, not associated with a cold or flu?”; 
“Has your child suffered from recurrent dry cough episodes in the past 
12 months, not associated with a cold or flu?”; “Has your child ever been 
diagnosed with asthma by a physician?”; “Has your child suffered from 
recurrent sneezing episodes in the past 12 months, not associated with 
a cold or flu?”; “Has your child ever been diagnosed with rhinitis by a 
physician?”; and “Has your child ever been diagnosed with eczema by a 
physician?”. A summary of the health outcomes at the ages of 4 and 7 
is presented in Table 1. For the purpose of the study, individuals who 
reported allergy, rhinitis or eczema diagnosed by a physician were 
regarded as having allergic disease.

2.3 | Covariates

Covariates comprised sex, as well as other factors known to influ-
ence the onset of asthma in children, including maternal history of 
asthma, household crowding (characterized as <1.5 or ≥1.5 habit-
ants per room25) and maternal education (characterized as ≤9 years 
of education or >9 years of education). These variables were se-
lected due to the influence of genetics and socioeconomic status 
on the prevalence of allergy and asthma.26,27 In addition, possible 
spatial confounders for NDVI and SRI included the distance to the 
nearest major road, motorway or highway and neighbourhood so-
cioeconomic deprivation. These variables were included as con-
founders because residence in disadvantaged neighbourhoods was 
found to be associated with reduced access to green space,26,28 and 
residence near major roads constitutes an important predictor of 
asthma and allergy.29 Neighbourhood deprivation was previously 
determined based on the weighted sum of the following standard-
ized variables obtained from census data: % overcrowded house-
holds, % households with no bath/shower, % households without 
indoor flushing, % households occupied by nonowners, % women 
aged 65 or more, % individuals with low education, % individuals in 
low-income occupation and % unemployed individuals. The index 
was categorized into five quintiles (Q1-least deprived to Q5-most 
deprived).30,31

A digital road network was obtained from the HERE® (formerly 
NAVTEQ Maps) dataset for the year 2012, provided by courtesy of 
the Environmental Systems Research Institute (ESRI). The network 
includes road class, allowing us to determine the distance from the 
child home to the nearest major road, motorway or highway, which 
are the road classes associated with higher traffic intensity. ArcMap 
10.5.1 was used to compute the distance from the child home to the 
nearest major road, motorway or highway.

2.4 | Exposure: Normalized difference 
vegetation index

We also computed the mean NDVI within 100, 200 and 300 m from 
the child home. The NDVI is calculated based on land surface re-
flectance of visible red (VISR) and near-infrared (NIR) wavelengths. 
The underlying principle employed in the NDVI calculation is that 
chlorophyll in healthy vegetation absorbs radiation in the visible red 
region (630-690 nm) of the electromagnetic spectrum and reflects 
radiation in the near-infrared region (760-900 nm). It is a unit-less 
index that ranges from −1 to 1, with higher values corresponding 
to a higher density of healthy vegetation. For this study, we used 
images with 5% or less cloud coverage from Landsat 8 (spatial reso-
lution: 30 m) during the spring/summer period (peak of vegetation) 
of 2005-2006. Average NDVI was calculated to represent the resi-
dential greenspace exposure during the period of the G21 baseline 
evaluation. We used ArcMap 10.5.1 to process satellite images and 
QGIS 3.8. to extract average NDVI within 100, 200 and 300 m from 
the child residence.

TA B L E  1   Summary of the reported health outcomes for the 
1050 participants

Characteristics

Age 4 follow-up
Age 7 
follow-up

n % n %

Allergy diagnosed by a 
physician

119 14.9 124 16.1

Wheezing in the last 
12 mo

166 47.8 112 33.8

Dry cough in the last 
12 mo

242 37.3 220 34.5

Asthma diagnosed by a 
physician

36 4.4 39 5.0

Rhinitis diagnosed by a 
physician

42 5.2 58 7.5

Eczema diagnosed by a 
physician

83 12.9 107 14.5
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2.5 | Exposure: Species richness index

The species richness index (SRI) for Porto was obtained from a 
species richness report previously compiled by Porto Municipality 
and the Research Centre in Biodiversity and Genetic Resources 
(CIBIO).32,33 A full description on how the species richness report 
was conducted is presented as (Appendix S1). Included species con-
sisted in four vertebrate groups (amphibians, birds, reptiles and small 
mammals), totalling 89 different species.

Each participant was matched to a SRI value based on their resi-
dential location. To express the SRI (as the concentration of species 
in the habitats that surrounded the participants’ home), the sum of 
the number of different species present in habitats located at a 100, 
200 and 300 m radius from the participants’ house at birth was mul-
tiplied by the total area of each habitat and, subsequently, divided 
by the buffer area.

2.6 | Statistical analysis

We computed absolute frequencies and percentages or medians 
and interquartile range for categorical and continuous variables, 
respectively.

Distribution of continuous variables was analysed for normality 
check. Since non-Gaussian distributions were observed, nonparamet-
ric tests were performed for inferential statistics. Mann-Whitney tests 
were performed to analyse differences between continuous variables, 
and chi-square test was used to compare proportions. Generalized 
linear mixed models were fitted to estimate adjusted association 
between species richness and greenness exposure and the studied 
outcomes at the ages of 4 and 7, considering the neighbourhood geo-
graphical location as a random effect. Since SRI and NDVI were sig-
nificantly correlated (ρ = 0.49, P < .001), both variables were mutually 
included in the models in order to mitigate overlapping effects.

Models were adjusted for the following confounders:distance 
to the nearest major road, motorway or highway, sex, household 
crowding, maternal education, neighbourhood socioeconomic depri-
vation and maternal history of diagnosed asthma. Associations were 

expressed as Odds Ratio (OR) and 95% Confidence Intervals (95% 
CI). In the models, for each unitary increase in SRI or NDVI, the risk 
for the dependent variables (health outcomes increase or decreased 
in accordance to the respective OR. Statistical analysis was per-
formed using R software, package “lme4”.34

To ensure that the chosen distance thresholds did not affect the 
results, sensitivity analyses were performed to compare the results 
obtained using two other buffer sizes (200 and 300 m).

3  | RESULTS

Participants were evenly distributed across Porto municipality. 
The number of habitats in a 100 m radius from participants’ homes 
ranged between 1 and 134, with a median of 13 habitats. Figure 1 
shows the distribution of SRI and participants’ homes across the mu-
nicipality, with a median [25%-75%] index of 2.17 [0.75-4.64], while 
NDVI had a median [25%-75%] index of 0.12 [0.09-0.33]. Descriptive 
statistics for NDVI and SRI at 100, 200 and 300 m radius surround-
ing participants’ homes are presented in Figure 2.

There were no significant associations between either NDVI or 
SRI and the prevalence of asthma or allergy at the age of 4. However, 
a significant predisposing association was identified between living in 
neighbourhoods with higher SRI within a 100 m radius and the prev-
alence of asthma at the age of 7 (OR [95% CI] = 3.58 [1.09:11.79], 
Figure 3). Interestingly, an opposing effect was observed for NDVI at 
100 m, where living in neighbourhoods surrounded by more vegeta-
tion was significantly associated with a lower prevalence of asthma at 
the age of 7 (OR [95% CI] = 0.41 [0.18:0.97]). Both effects disappeared 
at the 200 and 300 m radius. These results are also observable when 
computing the empirical cumulative distribution of the participants in 
function of the respective NDVI and SRI (Figures S1 and S2).

To further understand the effects of SRI and NDVI at the 100m 
radius, the variables were categorized into terciles with the lower 
index values being treated as the reference tercile ([0-1.34] and 
[0.01-0.10], respectively) followed by the 2nd tercile ([1.34-3.79] 
and [0.10-0.14], respectively) and 3rd tercile ([3.79-23.6] and [0.14-
0.33], respectively).

F I G U R E  1   Distribution of participants’ 
homes and SRI levels across Porto 
municipality.(for confidentiality reasons, 
the points representing home locations 
have been jittered)
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As depicted in Figure  4, fitted models for categorized in-
dexes showed a significantly higher risk of allergic sensitization 
in children who lived in neighbourhoods with the highest ter-
cile of neighbouring species richness both at age 4 and 7 (OR 
[95% CI]  =  2.00 [1.04:3.86] and 2.35 [1.20:4.63], respectively). 

Moreover, although no significant SRI associations were identi-
fied for asthma, a tendency for increased prevalence of asthma 
at the age of 7 is discernible within the highest tier of SRI (OR 
[95% CI] = 2.28 [0.67:7.64]), supporting the previously observed 
association.

F I G U R E  2   Distribution of early-life normalized difference vegetation index (NDVI) and species richness index, within 100, 200 and 
300 m from home, grouped by the presence (yes/no) of allergy and asthma at age 4 and 7. Horizontal bars in bold correspond to median 
values. The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles), while whiskers correspond to 
value range within 1.5 times the interquartile range. Dots correspond to outliers (outside the whiskers range)
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Although nonsignificant, an opposing tendency was observed for 
NDVI, particularly at age 7, where the highest tercile was associated 
with a lower risk for both allergy and asthma (OR [95% CI] = 0.58 
[0.31:1.09] and 0.37 [0.12:1.14]).

The association between SRI and asthma was similarly observed 
for wheezing at age 7, where children living in neighbourhoods 
within the highest tercile of SRI at a 100  m radius were at a sig-
nificantly higher risk of wheezing (OR [95% CI] = 2.51 [1.08:5.88], 
Figure 5). Contrarily, living in a neighbourhood within the 2nd and 
3rd terciles of NDVI in a 100 m radius showed a tendency for a lower 
prevalence of wheezing (OR [95% CI] = 0.48 [0.22:1.04] for the 2nd 
tercile; 0.49 [0.22:1.08] for the 3rd tercile). However, the most evi-
dent protective effect of NDVI was observed for the prevalence of 
rhinitis at the age of 7, where living in neighbourhoods within the 
highest tercile of NDVI at 100 m was significantly associated with a 
lower prevalence of this disease (OR [95% CI] = 0.37 [0.15:0.93]). No 
significant associations were observed for the remaining symptoms 
or allergic manifestations.

The associations between NDVI and SRI and the studied out-
comes remained the same in a sensitivity analysis where the partici-
pants were divided according to whether they moved or remained in 
the same residence through the study (Table S1).

4  | DISCUSSION AND CONCLUSION

The study results showed significant predisposing associations be-
tween the exposure to species richness at baseline and the onset of 
physician's diagnosed asthma and wheezing symptoms at the age of 
7. Moreover, children living in neighbourhoods surrounded by very 
high levels of species richness (SRI over 3.79) were at a significantly 
higher risk of having developed allergic sensitization at the age of 
4, at an average of 2 times increased risk and, in a larger extent, at 

the age of 7, at an average of approximately 2.4 times increased risk. 
On the other hand, living in neighbourhoods surrounded by greener 
environments was significantly associated with a lower prevalence 
of asthma at the age of 7, as well as slightly, but not significantly, 
associated with a lower prevalence of wheezing at that age. In addi-
tion, higher levels of neighbourhood greenness at birth (NDVI over 
0.14) were significantly associated with a lower prevalence of rhinitis 
at the age of 7, at an average of 2.7 times lower risk. These results 
were observed for a radius of 100 m from participants’ homes, and 
effects disappeared when considering 200 and 300 m radius, sug-
gesting that relevant exposures occur mainly to vegetation and spe-
cies in the immediate home proximities. Therefore, the biodiversity 
hypothesis, where being more exposed to a natural environment at 
birth promotes a lower risk for allergy and asthma, is both supported 
and contradicted by this study's results.

Recent evidence suggests that environmental biodiversity ex-
posure may influence the human microbiome during growth, con-
sequently having a major role in allergic sensitization and asthma 
development in children.35,36 It is hypothesized that early contact 
with multiple microbiological agents contributes to a preventive 
immunomodulation, inducing tolerance to allergens through both 
adaptive and innate immune mechanisms.37

Based on the present results, and although only indirect associ-
ations are possible since no measurements of the participants’ mi-
crobiome were performed, it is possible to hypothesize that being in 
contact with a greener environment at birth, independently of spe-
cies richness, may induce a more natural development of the human 
microbiome, consequently resulting in the decreased prevalence of 
asthma and allergic rhinitis at the age of 7. These results are in accor-
dance with those obtained by Donovan and co-workers in a study 
where they showed that children living in greener areas, as measured 
by the NDVI, were less likely to be asthmatic.38 The protective effect 
of greenness on allergic rhinitis has also been reported in the GINI/

F I G U R E  3   Associations between 
species richness index (SRI) and 
normalized difference vegetation index 
(NDVI), and the onset of allergy and 
asthma at age 4 and 7. Results presented 
as odds ratio (OR) and 95% confidence 
intervals (95% CI). Neighbourhood 
geographical location was considered as 
a random effect in the model. Models 
were adjusted for sex, neighbourhood 
deprivation, distance to major roads, 
maternal history of asthma, crowding 
and maternal education. Estimates in 
red represent risk factors (OR > 1), while 
estimates in blue represent protective 
effects (OR < 1)
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LISA North and PIAMA cohorts (OR [95% CI] = 0.61 [0.36, 1.01] and 
0.67 [0.47:0.95], respectively, when compared to 0.37 [0.15:0.93] in 
the present study).39-41 However, in these cases, a buffer of 500 m 
radius was used, and effects changed upon location, with the effects 
being contradictory in GINI/LISA South and BAMSE cohorts (OR 
[95% CI] = 1.69 [1.19, 2.41] and 1.42 [1.13, 1.79], respectively).39,40,42

Nevertheless, the mechanisms behind this protective effect 
are not completely understood and have been attributed not only 
to the biodiversity associated with vegetation itself, but also to the 
natural barriers composed by arboreal vegetation that may protect 
neighbourhoods from environmental pollutants, or even to the 
stress-releasing effect of green landscapes on autonomic nervous 
system.12,38,43,44 Although the present study results do not allow 
the identification of the protective mechanisms associated with the 
NDVI, the species richness results certainly suggest that effects are 
not caused by the number of habitats and fauna diversity involved.

Although exposure to macrospecies might manifest different 
effects when compared to microspecies, one could expect that an 
increase in neighbouring macrospecies at birth would still promote 
microbiome diversity and indirectly be associated with a lower risk 
for allergy and asthma. Farm environments, generally characterized 
by higher species richness, have been associated with a lower prev-
alence of asthma in children.45 Although microbiome diversity was 
not evaluated during the present study—and, thus, no conclusions 
can be made on the SRI-microbiome interaction—there was clearly 
no protective effect associated with living in neighbourhood with 
a larger number of species at birth. In fact, present study's results 
suggest that living proximate to more species at early-life increases 
the risk of asthma and symptoms of asthma at the age of 7, as well as 
the prevalence of allergic disease in those living in neighbourhoods 
with a very high number of species, both at the ages of 4 and 7. This 
results are in agreement with those observed in a study where high 

F I G U R E  4   Associations between normalized difference vegetation index (NDVI) and species richness index (SRI) terciles within 100 m 
from home, and the onset of allergy and asthma at age 4 and 7. Results presented as odds ratio (OR) and 95% confidence intervals (95% 
CI). Neighbourhood geographical location was considered as a random effect in the model. Models were adjusted for sex, neighbourhood 
deprivation, distance to major roads, maternal history of asthma, crowding and maternal education. Estimates in red represent risk factors 
(OR > 1), while estimates in blue represent protective effects (OR < 1)
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levels of species richness surrounding primary schools were shown 
to be associated with a tendency for a higher prevalence of allergic 
diseases.46 Interestingly, the association between SRI and eczema 
is not so evident in the present study, what could be explained by 
the differences in criteria for classifying the diseases, as well as the 
effect of vegetation. It is plausible that the higher prevalence of al-
lergic diseases would be associated with an increase in IgE levels in 
children growing in neighbourhoods with higher species richness. 
However, higher IgE levels do not necessarily mean allergic disease, 
and thus, it would be interesting to measure the direct impact of SRI 
and NDVI on children IgE levels. Unfortunately, and to this date, IgE 
levels have not been measured in the G21 cohort.

Another possible explanation for these results may be that hav-
ing more neighbouring species will mean more neighbouring aeroal-
lergens, more exacerbations and, consequently, more allergy and 
asthma symptoms being reported. However, this would also be true 
for aeroallergens originated from vegetation,47 but the vegetation's 
effects observed in this study were actually protective. Moreover, 
and similarly to microbes, one could also hypothesize that exposure 
to a wider variety of antigens could educate the immune system, 
which was not observed in the present results in the form of spe-
cies richness. The association between outdoor allergen exposure 
and the development of allergic sensitization is very complex, as it 
may be modelled by the interaction with other factors, such as air 
pollutants or climate aspects.48,49 In addition, and despite being a 
simple measure of biodiversity, it is important to notice that species 
richness does not account for species evenness, which refers to how 
equally in numbers different species are distributed in a given envi-
ronment, and therefore, does not completely explain the exposure 
to species diversity and to the natural ecosystem. In fact, a decrease 
in environmental quality may actually lead to transient increases in 
species and, therefore, higher species richness.50 Nevertheless, for 
the city of Porto, it is clear that living in neighbourhoods with high 
number of species during early-life is a risk factor for the onset of 
allergy and asthma.

Another variable that was not measured in the study cohort 
but may be influencing the results is the indoor exposure at birth. 
Young children are significantly more exposed to indoors than out-
doors, and although outdoor exposure appears to play a role on im-
munomodulation, the impact of indoor biodiversity might be more 
determinant.51,52 Moreover, although the indoor environment is 
influenced by the outdoor air, there are several factors mainly orig-
inated from indoor sources that have been associated with allergy 
and asthma development, such as certain allergens, combustion 
and disinfectant by-products, household pets, among others.47,53-57 
However, even concerning the influence of indoor environment, 
there is lack of clarity with exposures reducing or increasing risk 

of allergy depending on what perspective and/or experimental ap-
proach is applied.52 Nevertheless, one cannot overlook that indoor 
biodiversity may be masking the effect of neighbouring species rich-
ness in the present study.

Interestingly, the observed effects were clearly stronger at 
the age of 7. Although the factors that influence the age of onset 
of asthma are not yet fully understood, Thomsen and co-workers 
showed, in a twin cohort study, that genetic variables only explain 
34% of the variability in the age at onset for asthma, while environ-
mental factors explain 66%.58 Therefore, it is possible that asthma 
in children experiencing their first symptoms at later ages may have 
been predominantly induced by environmental aspects. Further re-
search is needed to clarify these results.

Some study limitations should be disclosed. First, data on symp-
toms and diagnosis of allergic diseases and asthma were self-re-
ported, which may introduce self-reporting bias. Nevertheless, 
ISAAC-based questionnaires are standardized and widely used 
throughout the clinical immunology community.24 It is also important 
to consider that although these associations are estimated for NDVI 
and SRI exposure at birth, having changed the place of residence 
later in life may have had some influence on the results. However, 
the sensitivity analysis showed no differences in the drawn obser-
vations when considering only the population who maintained res-
idence throughout the study. Another limitation may be associated 
with the possibility of different habitats being present at the partic-
ipants’ year of birth, since the species and habitat observation that 
supported the SRI estimation was conducted in a different year. Still, 
although changes in urban habitats may occur with time, these usu-
ally take several decades to significantly impact species richness.59 
The NDVI, however, does not capture richness of the vegetation as it 
is a biomass diversity index, thus limiting the assumptions when con-
cerning exposure to flora biodiversity. Finally, having pets at birth 
may have acted as a confounder and, unfortunately, this information 
was not collected during baseline assessment. However, this infor-
mation was collected in the follow-up evaluations and, when adjust-
ing models for having a pet at the age of 4, no significant differences 
are observable in the models.

On the other hand, this is the first longitudinal study to inves-
tigate the impact of early-life exposure to neighbouring species 
richness in the development of allergic diseases and asthma using a 
combination of an uniquely developed SRI, estimated through four 
different groups of vertebrate fauna, and the NDVI. Although it may 
seem a roughly estimation on macrospecies diversity, the developed 
SRI is one of the few environmental biodiversity surrogates currently 
applied in a cohort study. This is also the first study to show the 
opposing effects of neighbouring species richness and greenness on 
the development of allergic diseases and asthma in children.

F I G U R E  5   Associations between normalized difference vegetation index (NDVI) and species richness index (SRI) terciles within 100 m 
from home, and the onset of wheezing, dry cough, rhinitis and eczema at age 4 and 7. Results presented as odds ratio (OR) and 95% 
confidence intervals (95% CI). Neighbourhood geographical location was considered as a random effect in the model. Models were adjusted 
for sex, neighbourhood deprivation, distance to major roads, maternal history of asthma, crowding and maternal education. Estimates in red 
represent risk factors (OR > 1), while estimates in blue represent protective effects (OR < 1)
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Despite no concrete conclusions could be drawn on the im-
munomodulatory effects of early-life biodiversity exposure, the 
present work suggests that living in close proximity to a greener 
environment at birth has a protective effect on the development 
of allergic diseases and asthma at the age of 7. Unlike the effects 
of vegetation, living in neighbourhoods with high numbers of 
fauna species in close proximity appears to be associated with a 
higher risk for allergy, asthma and asthma symptoms. To further 
understand the biodiversity hypothesis, the interactions and 
mechanisms between these environmental factors and the human 
microbiome should be explored.
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 Study population  
Population who maintained residence 

throughout the study
Allergy at age 7

  OR 95% OR 95%
SRI Low 1.00 -- -- 1.00 -- --

Medium 1.66 0.90 3.07 1.59 0.74 3.43
High 2.35 1.20 4.63 2.14 0.91 5.00

NDVI Low 1.00 -- -- 1.00 -- --
Medium 0.55 0.30 1.02 0.42 0.19 0.90
High 0.58 0.31 1.09 0.49 0.22 1.08

Asthma at age 7
  OR 95% OR 95%
SRI Low 1.00 -- -- 1.00 -- --

Medium 1.74 0.56 5.39 1.51 0.35 6.57
High 2.28 0.67 7.74 2.03 0.41 9.97

NDVI Low 1.00 -- -- 1.00 -- --
Medium 0.44 0.15 1.28 0.37 0.09 1.53
High 0.37 0.12 1.14 0.49 0.12 2.06

Wheezing at age 7
  OR 95% OR 95%
SRI Low 1.00 -- -- 1.00 -- --

Medium 2.19 1.00 4.79 2.26 0.73 7.03
High 2.51 1.08 5.88 3.50 1.02 11.97

NDVI Low 1.00 -- -- 1.00 -- --
Medium 0.48 0.22 1.04 0.40 0.14 1.19
High 0.49 0.22 1.08 0.45 0.15 1.35

 Rhinitis at age 7
  OR 95% OR 95%
SRI Low 1.00 -- -- 1.00 -- --

Medium 1.53 0.72 3.25 1.65 0.63 4.34
High 1.14 0.44 2.97 1.24 0.36 4.23

NDVI Low 1.00 -- -- 1.00 -- --
Medium 0.74 0.35 1.58 0.39 0.15 1.03
High 0.37 0.15 0.93 0.18 0.06 0.60



Supplementary table 1 – Comparison in the most relevant associations’ results between the 
study population and the subpopulation of those who did not change residence throughout the 
study.



Guide to species richness calculation for the city of Porto

The  species  richness  index  (SRI)  for  Porto  was  obtained  from  a  species  richness  report 

previously compiled by Porto Municipality and the Research Centre in Biodiversity and Genetic  

Resources (CIBIO), according to the UrHBA methodology (1, 2). The original version of the 

report (in Portuguese) can be found in:

http://www.cm-porto.pt/assets/misc/img/PDM/ECD/23_PDMP_ECD_Estrut_Eco_Biod.pdf.

Urban habitats segmentation

The index first compiled information concerning the physiognomic characteristics of vegetation 

areas, such as being arboreal, shrub or herbaceous. According to these characteristics, habitats  

were divided into three different types of urban green areas: clearings, thickets and woods.

Clearings  comprised green  spaces  predominantly composed by herbaceous flora,  where  the 

percentage of shrub or arboreal plants (phanerophyte cover) was inferior to 50% of the total  

green area. On the other hand, green spaces dominated by phanerophyte cover (over 50% of  

shrub and/or arboreal plants) were considered thickets, if highly populated by shrubs, or woods, 

if highly populated by trees. The area was calculated for each of these habitats and afterwards  

crossed with the urban fauna data.

Urban fauna

The fauna habiting the previously sectioned urban green spaces was studied according to four 

groups of vertebrates: birds, amphibians, reptiles and small mammals. A total of 89 species of  

vertebrates were accounted for the city of Porto (full list can be consulted in attachments 2.1 to  

2.4 of the original report). These species included 69 birds, 7 amphibians, 7 reptiles and 6 small  

mammals.

Species richness calculation

A species  richness  potential  value  was  calculated  for  each  previously  sectioned  habitat  

according  to  its  area  and  type  (clearing,  thicket  or  woods).  A  full  description  of  this  

methodology is explained in attachment 2.5 of the original document.

http://www.cm-porto.pt/assets/misc/img/PDM/ECD/23_PDMP_ECD_Estrut_Eco_Biod.pdf


Once  the residential  addresses  of  the  participants  were  georeferenced  using  ArcGIS 

Online World Geocoding Service and Google Earth (shown good positional accuracy in a 

previous  study  (24)),  each  participant  was  matched  to  a  SRI  value.  To  express  the 

concentration of species in the habitats that surrounded the participants’ home, the sum of the  

number of different  species present  in a certain radius from the participants’ house at  birth  

multiplied by the total area, per habitat, was calculated, and subsequently divided by that area  

buffer, according to the equation:

SRIx=y=1nNº of species(x, y)×Habitat area(x, y)B
The equation represents the SRI calculation formula, where “x” represents the participant and  

“y” a specific habitat in a determined radius from the participant’s house, with “n” being the 

total habitat number for a given participant. The area buffer (B, in m2) is given by π(radius)2. As 

an example, if participant x = 1 has n = 8 habitats surrounding his/her home, the associated SRI  

will be equal to the sum of the number of species multiplied by the habitat area (in meters) for 

each of the habitats (y = 1, …, 8), divided by the area buffer.
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