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Abstract

Changes in land use and climate change have been reported to reduce biodiversity of the environment and human microbiota.

This may lead to inadequate and unbalanced stimulation of immunoregulatory circuits and ultimately, to clinical diseases, such

as asthma and allergies. We summarised available empirical evidence on the role of inner and outer layers of biodiversity in the

development of asthma, asthma-like symptoms, and allergic sensitization. We conducted a systematic search in SciVerse Scopus,

PubMed MEDLINE, and Web of Science up to 5 December 2022 to identify relevant studies assessing the relations between

inner and outer layers of biodiversity and the risk of asthma, wheezing and/or allergic sensitization. We applied random-effects

models to calculate summary effect estimates. The protocol was registered in PROSPERO (CRD42022381725). Of 75 studies,

20 provided effect estimates for the meta-analysis showing an association between high outer layer biodiversity and a low risk

of asthma development (Shannon diversity index: OR (95% CI) = 0.77 (0.55; 1.06); bacterial richness: OR (95% CI) = 0.74

(0.57; 0.96)). Although the evidence on the effect of inner layer biodiversity suggested that bacterial diversity was slightly

higher among individuals with asthma, there was no clear evidence of a significant association between inner layer biodiversity

and the risk of asthma, wheezing or allergic sensitization. The weight of evidence suggests that environmental exposure to high

biodiversity may protect from the development of asthma, whereas there was no consistent evidence on any association between

inner layer biodiversity and asthma, wheezing or allergic sensitization.
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Abstract

Changes in land use and climate change have been reported to reduce biodiversity of the environment and
human microbiota. This may lead to inadequate and unbalanced stimulation of immunoregulatory circuits
and ultimately, to clinical diseases, such as asthma and allergies. We summarised available empirical evidence
on the role of inner and outer layers of biodiversity in the development of asthma, asthma-like symptoms,
and allergic sensitization. We conducted a systematic search in SciVerse Scopus, PubMed MEDLINE, and
Web of Science up to 5 December 2022 to identify relevant studies assessing the relations between inner
and outer layers of biodiversity and the risk of asthma, wheezing and/or allergic sensitization. We applied
random-effects models to calculate summary effect estimates. The protocol was registered in PROSPERO
(CRD42022381725). Of 75 studies, 20 provided effect estimates for the meta-analysis showing an association
between high outer layer biodiversity and a low risk of asthma development (Shannon diversity index: OR
(95% CI) = 0.77 (0.55; 1.06); bacterial richness: OR (95% CI) = 0.74 (0.57; 0.96)). Although the evidence on
the effect of inner layer biodiversity suggested that bacterial diversity was slightly higher among individuals
with asthma, there was no clear evidence of a significant association between inner layer biodiversity and
the risk of asthma, wheezing or allergic sensitization. The weight of evidence suggests that environmental
exposure to high biodiversity may protect from the development of asthma, whereas there was no consistent
evidence on any association between inner layer biodiversity and asthma, wheezing or allergic sensitization.

Keywords

asthma, allergic sensitization, biodiversity, inner layer, outer layer

Introduction

Our planet is experiencing a massive decline in biodiversity, which is largely due to human activities, and
which could ultimately lead to the sixth extinction of animal and plant species on the Earth.1, 2 This global
change in the environments can affect ecosystem functioning and lead to significant disruptions of ecosystems,
which may threaten the human sources of livelihood and the current way of life. Loss of biodiversity is a
global concern and may lead to a variety of possible adverse consequences for the human population.3 The
reasons underlying such loss of biodiversity are complex and have been suggested to be largely linked to
the consequences of growing urbanisation and industrialization, climate change, increasing pollution, and
increasing utilization of chemicals, which have impact on the environment and microorganisms with which
humans coevolve.4, 5

Biodiversity was defined by von Hertzen et al. 1 as “The variability among living organisms from all sources,
including, inter alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of which
they are part this includes diversity within species, between species and of ecosystems ”. Haahtela6 also
suggested that micro-organisms play a key role in the link between biodiversity-related environmental changes
and human health. Loss of biodiversity and disappearance of natural habitats may reduce the diversity of
environmental microbiota, i.e., the biodiversity of the outer layer.6 According to Haahtela6, humans are
protected by two nested layers of biodiversity, i.e. microbiota of the outer layer and of the inner layer.
The outer layer is dependent on the environment we live in (including soil, natural waters, plants, and
animals); and the inner layer inhabits the human body (including gut, skin, and airways) and is dependent
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on colonization from the outer layer. Furthermore, the diversity and composition of human microbiota (i.e.,
inner layer) can also be influenced by environmental exposures (i.e., outer layer).7-9

In 2011, von Hertzen et al. 1 proposed that loss of biodiversity also leads to immune system dysfunction
and increases the risk of chronic inflammatory diseases, including asthma and allergies, chronic obstructi-
ve pulmonary disease, type 1 diabetes, obesity and inflammatory bowel diseases, and could therefore have
important public health implications. The biodiversity hypothesis proposed by von Hertzen et al. 1 is consis-
tent with the observed declining trends of biodiversity indices, such as Waterbird Population Status Index
(WPSI) and Living Planet Index (LPI), and with increasing trends in the prevalence of asthma and allergic
rhinitis since the 1970’s.5 Rapidly declining biodiversity may be a contributing factor to another global me-
gatrend, the rapidly increasing prevalence of allergies and other chronic inflammatory diseases among urban
people.5 Increasing evidence suggests that the diversity of human microbiota influences the risk of asthma
and allergies.10 Changes in the development of microbiota, evidenced by low gut and airways microbiota
diversity in infancy, has been associated with the development of atopy and asthma later in life.10, 11 The
biodiversity hypothesis has stimulated substantial research on the role of biodiversity for the risk of develo-
ping asthma and allergic diseases, but the results have so far been inconsistent.10, 11 This heterogeneity in
results may be related to different definitions and measures of biodiversity, timing and duration of exposure,
as well as differences in duration of the follow-ups. Therefore, this systematic review and meta-analysis aims
to summarize the current knowledge on the role of biodiversity in the development of asthma, wheezing, and
allergic sensitization.

Methods

Selection criteria and data collection

We performed a systematic search of SciVerse Scopus, PubMed MEDLINE, and Web of Science databases
from inception of each database up to the 5th December 2022 using the following boolean search com-
mands: [“biodiversity”] AND [“allerg*”] OR [“asthma”] AND [“environment*”] AND [“microbio*”]. The
methodology used in this systematic review and meta-analysis followed the PRISMA reporting standards.
The protocol was published in the PROSPERO (registration number: CRD42022381725) in December 2022
(https://www.crd.york.ac.uk/prospero/display record.php?ID=CRD42022381725). The full search strategy
can be found in the online supplement (p 6).

A study was included in the systematic review and meta-analysis if (i) it was an original randomized control-
led trial or an epidemiologic study (cohort, case-control or cross-sectional study); (ii) provided data on the
relations between inner and/or outer layers of biodiversity and the risk of asthma, wheezing, and/or allergic
sensitization, (iii) included an adequate definition and/or indexes of biodiversity and the main health outco-
mes (asthma, wheezing and allergic sensitization). Studies reporting only asthma exacerbation as the outcome
or assessing the effect of antibiotics, medication or treatment were excluded. Studies assessing only the effect
of endotoxins, fungi or virus, diet, breastfeeding, mode of delivery, use of probiotics/prebiotics/symbiotics,
pet exposure, exposure to farm, rural, or urban environments, and to natural and green spaces were also
excluded.

Exposure

The exposures of interest were the outer and/or inner layer biodiversity.6 The outer layer is dependent on the
environment we live in (including soil, natural waters, plants, and animals). The inner layer inhabits human
body (including gut, skin, and airways) and is influenced by colonization from the outer layer.6 The outer
layer biodiversity was defined based on the environmental microbiota (including dust or soil) or on a score
of environmental biodiversity (e.g., species richness index, land-use gradient, and plant diversity). The inner

3
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layer biodiversity was defined based on the diversity of human inner microbiota in the skin, stool, urine, and
airway samples (including nasal, oropharyngeal, nasopharyngeal, and/or throat) (online supplement p 6).

Outcomes

The primary outcomes included asthma and the symptom wheezing. Different asthma definitions were con-
sidered for the inclusion of studies, such as the medical diagnosis, use of asthma medications, or the GINA-
based definition.12 The secondary outcome was allergic sensitization which was defined based on a positive
response to IgE antibodies for specific allergens, or a positive skin prick test (SPT).

Data extraction

Three reviewers (IP, NS, BH) independently performed the initial screening by the title and the abstract.
After this initial screening, full articles were reviewed by two independent reviewers (TH, AR) and those
fulfilling the inclusion criteria were selected for data extraction. When a conflict in assessment arose at any
stage of the review, a consensus between the original and two additional reviewers (TH, AR) was required
to achieve the resolution. Additional description of the data extraction process is presented in the online
supplement (p 6).

Quality assessment and publication bias

The risk of bias was independently assessed by two reviewers (IP and NS) applying the Newcastle-Ottawa
Scale (NOS) for cohort and case-control studies.13 An adapted version of the NOS developed by Herzog et al.
14 was used for cross-sectional studies. The results from the NOS were translated into the Agency for Health
Research and Quality standards, and applying these the studies were classified as good, fair or poor.15

Statistical methods

A study was included in the meta-analysis if (i) it used a priori recognised measure to assess biodiversity
(Shannon diversity index and/or bacterial richness) and (ii) it analysed biodiversity as a continuous varia-
ble. Meta-analysis applying the random-effects model was performed on the available data applying the R
software, Version 1.4.1106 (dmetar package) and SAS software. To evaluate the effect of biodiversity, the
data were summarised as the standardized mean difference (SMD) or the effect estimate (EE) with 95%
confidence interval applying the Hedges method and the restricted maximum likelihood (REML) estimator,
respectively. The magnitude of heterogeneity between the included studies was estimated using the Higgins
I2 statistic and τ2. Publication bias was assessed through visual examination of a funnel plot and by apply-
ing the Egger’s test. Sensitivity analysis was performed according to the risk of bias/quality of evidence by
comparing the summary effect estimates obtained by excluding studies with a high risk of bias with those
studies considered as being at low and moderate risk of bias.

Results

A total of 1986 studies were screened, 355 of these were assessed for eligibility and 330 were excluded (Figure
S1). Reasons for exclusion included non-original studies (221 were narrative reviews/meta-analysis), studies
in which outcomes were not relevant for the present objectives, and studies reporting results that were not
suitable for inclusion in the present systematic review or meta-analysis. After a full-text review of the 405
studies, 75 studies were included (Figure S1).

Out of 75 included studies, 33 studies were related to the outer layer biodiversity [23 used dust samples
and 10 used environmental biodiversity measures (e.g., species richness index, land-use gradient, and plant
diversity)] and 42 studies were related to the inner layer biodiversity (2 studies characterized urine and skin

4



P
os

te
d

on
26

M
ay

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

50
77

30
.0

13
95

72
0/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

microbiota diversity, 16 studies collected stool samples, and 25 characterize airway microbiota diversity)
(Figure 1).

Characteristics of the 75 included studies are shown in Table S1 (and online supplement pp 6-8). Furthermore,
39 of the 75 included studies were classified as poor quality, 5 were classified as fair quality, and 31 were
classified as good quality (Table S1). Study design limitations were mainly due to unadjusted potential
confounders and/or self-reported outcome.

3.1. Outer layer biodiversity

The summary results on the association between outer layer biodiversity and asthma, wheezing, and allergic
sensitization are shown in Table S2 (and online supplement p 7).

Studies included in meta-analysis

Shannon diversity index

Figure 2 presents the forest plot for the association between Shannon diversity index based on dust sampling
techniques and the risk of asthma. The summary effect estimate indicated a protective effect, but it was not
statistically significant (OR (95% CI) = 0.77 (0.55; 1.06), I2 = 72.4%, p =0.027) (Figure 2). The funnel plot
(Figure S3) suggested an asymmetric pattern, but the Egger’s test for publication bias was not statistically
significant (t=3.16,p =0.195).

Bacterial richness

The summary effect estimate (odds ratio) for the association between bacterial richness and asthma [OR
(95% CI) = 0.74 (0.57; 0.96)] was consistent with the hypothesis that exposure to higher biodiversity,
assessed as bacterial richness, has a protective effect on the development of asthma (Figure 3). There was
considerable heterogeneity (I2=71.8%, p =0.003) across the studies (Figure 3). The funnel plot (Figure S4)
was asymmetric, indicating some publication bias (Egger’s test: t=5.15, p =0.007).

3.2. Inner layer biodiversity

Table S2 summarises the evidence on the association between inner layer biodiversity and asthma, wheezing,
and allergic sensitization (online supplement pp 7-8).

Studies included in meta-analysis

Shannon diversity index

The mean/median of the Shannon diversity index among individuals with and without asthma was reported
in 7 studies. However, the study conducted by Park et al. 16 was excluded based on quality. The random
effects model (n=6) provided a significantly increased standardized mean difference [SMD (95% CI) = 0.31
(0.14; 0.48)], indicating that the bacterial diversity was slightly higher among individuals with asthma (Figure
4). There was no significant heterogeneity between study-specific estimates (I2=0%, p =0.88) (Figure 4),
but the sensitivity analysis including the study conducted by Park et al.16 increased heterogeneity up to 60%
(Figure S6).

Bacterial richness

The mean/median of the bacterial richness/abundance among individuals with and without asthma was
reported in 6 studies. The study conducted by Park et al. 16 was excluded because of low quality. The
summary standardised mean difference (95% CI) from the random effects model (n=5) was 0.25 (0.06;
0.44) (Figure 5), indicating that bacterial richness/abundance was slightly higher among individuals with

5
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asthma. Consistent with Shannon diversity index, there was no significant heterogeneity between study-
specific estimates (I2=0%, p =0.70) (Figure 5), but when including the study conducted by Park et al. 16

the heterogeneity increased to 52% (Figure S10).

The funnel plots (Figure S14 and S15) show an apparently asymmetrical pattern that may be indicative of
publication bias. Despite this apparent asymmetry, Egger’s tests for publication bias were not statistically
significant (t=-1.43, p =0.226 for studies on Shannon diversity index, and t=-0.45, p =0.680 for studies on
bacterial richness), suggesting absence of publication bias.

The meta-analysis of 4 study-specific effect estimates, investigating associations between bacterial richness
and asthma, showed no significant association between bacterial richness and asthma [OR (95% CI) = 1.14
(0.83; 1.56)] (Figure 6). The forest plot shown in Figure 6 demonstrates significant heterogeneity (I2=62.0%,
p =0.048) across the studies. The funnel plot (Figure S16) suggested an asymmetric pattern; however, the
Egger’s test indicated no publication bias (t=-0.26, p =0.819).

Discussion

Based on a systematic search, ours is the first systematic review and meta-analysis aiming to summarize
current knowledge on the role of outer (environmental) and inner layer (human microbiota) biodiversity in
the development of asthma, wheezing, and allergic sensitization. The systematic review and meta-analysis
showed a protective trend of exposure to high environmental biodiversity on the development of asthma,
wheezing, and allergic sensitization. Although the evidence on the effect of inner layer biodiversity suggested
that bacterial diversity was slightly higher among individuals with asthma, there was no clear evidence
of a significant association between inner layer biodiversity and the risk of asthma, wheezing or allergic
sensitization.

Validity of results

In addition to the four databases, we also searched the reference lists of all the relevant articles identi-
fied. Our meta-analysis included also evidence from longitudinal studies on biodiversity and respiratory
outcomes,17, 18, 20-26 which allowed assessment of the time-dependent effects related to outer and inner layer
biodiversity on the development of asthma, wheezing, and allergic sensitization. Both funnel plot and Egger’s
test showed an asymmetric pattern when addressing the effect of exposure to bacterial richness (outer layer
biodiversity), but no significant publication bias was observed for the other exposure indicators.

The small number of studies included in the meta-analysis did not allow conduction of subgroup analyses.
The different sampling methods applied and different types of samples (including stool and airway samples)
may also complicate the comparison of different studies. We used NOS to evaluate the risk of bias.13 Overall,
the rather low scores on the quality scale were achieved (Table S1). Study design-related limitations were
largely due to potential unadjusted confounding, which varied from study to study, as well as due to self-
reported outcomes, which may have increased heterogeneity in the summary estimates of the present study.
In addition, heterogeneity and validity of self-reported outcomes may lead to information bias. The variation
in the outcome assessment method may have had impact on the ability to reach consistent summary effect
estimates, which on the other hand may have contributed to heterogeneity of the study results. However,
as there were only a limited number of studies identified, we were not able to perform sensitivity analysis
according to the outcome definitions.

Synthesis with previous knowledge

Although the evidence on the role of biodiversity in the development of respiratory outcomes was inconsistent,
the findings of the present systematic search and meta-analysis suggested that the effects related to the inner
and outer layer biodiversity on asthma, wheezing, and allergic sensitization were variable. However, caution
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is needed when interpreting the summary results, because of small number of studies included, as well as
due to heterogeneity in definitions of exposure and outcomes, and confounders that were adjusted for.

Previous studies have reported an association between early life environmental exposures and airways
inflammation.11, 27 These studies reported that those children who had contact with animals and allergens
during early life were less likely to develop asthma.7, 28, 29 Furthermore, exposure to higher environmental
biodiversity, assessed based on land use or vegetation types, has been associated with a lower risk of respira-
tory outcomes, such as asthma and allergic sensitization.30-32Moreover, the biodiversity hypothesis proposed
that contact with natural environments including environmental microbiota enriches the human microbiome,
promotes immune balance, and protects from developing allergies and/or inflammatory diseases 6. While
exposure to beneficial microbiota seems to play an important role, the complexity of different routes of
exposure to microbiota and their timing, duration, intensity and frequency make studying the role of outer
and inner biodiversity on respiratory health challenging.33 Several previous studies have investigated the
association between the composition of the immediate living environment and health, and found that the
composition and diversity of environmental microbiota seem to differ among different land use types.31, 34, 35

Environments, such as traditional farms 36, 37 and green spaces32, 38 which contain enriched and specific
microbial exposures, may be protective against asthma and allergies. More recently a systematic review
and meta-analysis reported that the associations between exposure to green spaces and asthma (current and
ever) and allergic rhinitis were inconsistent.39 The authors suggested that their result may be explained by
a variable balance between the positive and negative effects related to biodiversity exposure.39 According to
Hanski et al.31, environmental biodiversity, human microbiota, and the function of the immune system are
dynamic and complex systems including different components which interact with each other. Their study
hypothesised that the association between environmental biodiversity and atopy reflects the immunologic
responses that have been developed by individuals with long-term exposure to specific environmental micro-
biota and allergens.31 Ruff et al.40 have also suggested that the drastic changes in modern environments and
lifestyles may have reduced microbial biodiversity and led to an imbalance of the evolutionarily processes,
which in turn may have led to more unstable and less resilient microbiota. This change in the microbiota
– dysbiosis – may, consequently, alter the balance maintained in the gut, skin and airway microbiomes,
impair immune homeostasis and increase the risk of many chronic inflammatory diseases, such as asthma
and allergic diseases.

Furthermore, the diversity and composition of human microbiota is also influenced by several environmental
exposures.7-9 A study conducted in the Russian Karelia and the Finnish Karelia showed significant differences
in the skin and nasal microbiota composition between the countries.41 The microbial diversity was higher
in the Russian samples than in the Finnish samples. However, no significant associations were observed
between nasal and skin microbiota diversity and asthma among the Finnish individuals.41Consistently, a
study including 72 adults participants (20 with asthma exacerbation, 31 with non-exacerbated asthma and
21 healthy individuals) found no statistically significant difference in Faith’s phylogenetic diversity among
these three study groups.42 A recent cohort of mother-infant pairs from USA also showed that alpha diversity
in gut microbiome was not significantly enriched in atopic compared to non-atopic infants.43 On the other
hand, Espuela-Ortiz et al. 44 reported significant differences in both Shannon diversity index and Pielou index
between individuals with asthma and those without asthma. These results are consistent with the studies
conducted by Huang et al. 45 and Marri et al.46 regarding alpha diversity in airway samples. Huang et al. 45

reported a significantly higher bacterial diversity among individuals having asthma compared with control
individuals. The authors suggested that bacterial diversity (variation in composition and relative abundance
of specific phylotypes) is associated with the degree of bronchial hyperresponsiveness in individuals having
asthma treated with inhaled corticosteroids.45 Consistently with our systematic review and meta-analysis,
the results of these previous studies on microbiota diversity and respiratory outcomes are variable.

In addition to diversity, several studies have suggested that the composition of human and environmental
microbiota may contribute to the development of asthma and allergies.11, 22, 47, 48 The microbiota compo-
sition may be related to a decrease in diversity, promoting less resilient microbiota. This would alter the
ecosystem provided by the microbiota and the balance of the immune system response.49 Furthermore, most
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studies addressing the role of biodiversity in development of respiratory outcomes have analysed only single
point in time in cross-sectional studies, which has not allowed assessment of responses of the immune system
to changes in human microbiome caused by exposure to environmental and biological factors.50 Another im-
portant limitation in the previous studies has been that the link between biodiversity and pathophysiological
mechanisms underlying asthma may have been confounded by the asthma subtype and the inflammatory
process.50Based on this systematic review and meta-analyses, there is a need for population-based longitu-
dinal studies, including: (i) cohort studies, especially in previously under-represented populations (e.g., in
Asian and African regions); (ii) studies that apply the same or similar definition of the outcome; (iii) stud-
ies with recruitment at an early developmental phase (e.g. from preconception) and having a longitudinal
follow-up to identify critical periods of exposure in the life course and to better understand mechanisms
linking environmental exposures and changes in microbiome composition, diversity and/or function to de-
velopment of asthma and allergic sensitization. Furthermore, climate change is affecting biodiversity of both
outer and inner layers. Climate change is responsible for environmental degradation and loss of biodiversity
in plants, animals, and microorganisms, thus affecting the distribution, composition, and interactions be-
tween microorganisms. Climate change can also disrupt the relation between environmental microorganisms
and humans, resulting in loss of inner layer biodiversity.51, 52 Therefore, understanding how the interactions
between outer and inner layer, biodiversity, human being, and immune system respond to climate change
is also needed for assessing the role of biodiversity in the development of asthma, wheezing, and allergic
sensitization.

Conclusion

The present systematic review and meta-analysis provides evidence that exposure to higher environmen-
tal biodiversity has a protective effect on the development of asthma, allergic sensitization, and wheezing.
Although the evidence on the effect of inner layer (human microbiota) biodiversity suggested that bacte-
rial diversity was slightly higher among individuals with asthma, there was no consistent evidence of an
association between inner layer biodiversity and asthma, wheezing or allergic sensitization.
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Figure legends

Figure 1 Characterization of the studies included based on outer or inner layer biodiversity.

Figure 2 Forest plot for the association between Shannon diversity index and asthma.

Figure 3 Forest plot for the association between bacterial richness and asthma.

Figure 4 Forest plot for the standardized mean difference of the Shannon diversity index among individuals
with and without asthma.

Figure 5 Forest plot for the standardized mean difference of the bacterial richness among individuals with
and without asthma.
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Figure 6 Forest plot for the association between bacterial richness and asthma.
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