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Abstract

Background: Western lifestyle is associated with high prevalence of allergy,

asthma and other chronic inflammatory disorders. To explain this association, we

tested the ‘biodiversity hypothesis’, which posits that reduced contact of children

with environmental biodiversity, including environmental microbiota in natural

habitats, has adverse consequences on the assembly of human commensal micro-

biota and its contribution to immune tolerance.

Methods: We analysed four study cohorts from Finland and Estonia (n = 1044)

comprising children and adolescents aged 0.5–20 years. The prevalence of atopic

sensitization was assessed by measuring serum IgE specific to inhalant allergens.

We calculated the proportion of five land-use types – forest, agricultural land,

built areas, wetlands and water bodies – in the landscape around the homes using

the CORINE2006 classification.

Results: The cover of forest and agricultural land within 2–5 km from the home

was inversely and significantly associated with atopic sensitization. This relation-

ship was observed for children 6 years of age and older. Land-use pattern

explained 20% of the variation in the relative abundance of Proteobacteria on

the skin of healthy individuals, supporting the hypothesis of a strong environmen-

tal effect on the commensal microbiota.

Conclusions: The amount of green environment (forest and agricultural land)

around homes was inversely associated with the risk of atopic sensitization in

children. The results indicate that early-life exposure to green environments is

especially important. The environmental effect may be mediated via the effect of

environmental microbiota on the commensal microbiota influencing immunotoler-

ance.

Many explanations have been put forward for the rapidly

increasing prevalence of allergies, asthma and other chronic

inflammatory disorders especially in developed countries

(1–3), including the influence of the living environment (rural

vs urban, farm vs nonfarm) (4–6), change of diet (7),

increased air pollution (8), reduced infections (9) and parasite

exposure (10), and increased use of antibiotics (11). Several

explanations can be regarded as versions of the ‘hygiene

hypothesis’ (10, 12–14) or the ‘old friends hypothesis’ (3, 15):

changes of environment and lifestyle in industrialized coun-

tries have reduced the infectious/parasitic burden and expo-

sure to environmental microbes, which may now be
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insufficient to induce a robust anti-inflammatory regulatory

network in the developing immune system (16). The immuno-

modulatory role of saprophytic bacteria in the soil and vege-

tation is increasingly recognized (3, 10, 14, 17, 18), and the

disruption of the ancient connection of humankind with soil

may have significant consequences (3, 16). Based on this

observation and considerations of other possible environmen-

tal influences, the hygiene and old friends hypotheses have

been extended to the ‘biodiversity hypothesis’, with a focus

on childhood exposure to diverse natural environments with

diverse macrobiota and microbiota (3, 17, 19).

Here, we test the biodiversity hypothesis by analysing the

relationship between land use around the homes of study

subjects, as a measure of environmental biodiversity, and ato-

pic sensitization (atopy) in four cohorts of children aged 0.5–
20 years. We observe a strong relationship between the pro-

portion of forest and agricultural land around the home and

atopy in children older than 6 years, with prevalence exceed-

ing 30%. The relative abundance of Proteobacteria increased

significantly on the skin of healthy individuals along the

gradient from built to green environments, suggesting an

influence of the environmental microbiota on the human

commensal microbiota, which may be related to or reflects

the mechanisms by which the habitat gradient influences

atopic sensitization.

Materials and Methods

Data sets

We combine data from three studies conducted in Finland

and Estonia between 2003 and 2012. The first data set origi-

nates from a study testing the hygiene hypothesis in type 1

diabetes and other immune-mediated diseases in childhood

(DIABIMMUNE; n = 594). The second data set (LUKAS)

consists of children living either on a livestock farms (n = 90)

or in nonfarm homes (n = 210) in eastern and central Fin-

land. The third data set (KARA) comprises a random sample

of adolescents living in eastern Finland (n = 94). All studies

have been approved by ethical boards of University of Hel-

sinki, Helsinki University Central Hospital and Kuopio Uni-

versity Hospital. For further details, see Supporting

Information.

Atopy

Atopy (atopic sensitization) was defined based on the sum of

IgE antibodies that are specific to inhalant allergens, such

that an individual with log10(ΣIgEinhalant) > IgEth was classi-

fied as atopic (19), where IgEth is a cut-off level. As the data

did not suggest any single cut-off level appropriate for all

study cohorts (Fig. S1), we repeated the analyses with several

values of IgEth. The minimum value for IgEth considered here

is �0.5 on logarithmic scale, corresponding to the commonly

used value of 0.35 kUA/L on arithmetic scale. We did not

attempt to analyse the prevalence of allergic diseases, such as

allergic rhinitis or asthma, for which only self-reported data

were available.

Land-use description

The coverage of five land-use types, agricultural land, built

area, forest, water bodies and wetland, around each home

was calculated with the CORINE2006 land-cover data (a

publicly available data base containing standardized land-

cover classification across Europe), using a buffer with radius

of 3 km. For more information on land-use description, see

Supporting Information.

Statistical analyses

The prevalence of atopy was analysed using generalized lin-

ear models with binomially distributed errors (logistic regres-

sion) as implemented in R (20). As the prevalence of atopy

was relatively low, the cloglog link function was used in all

analyses, as this is better suited for data with uneven repre-

sentation of zeros and ones than the default probit link func-

tion (21). Residual variance was sufficiently homogeneous

between data sets such that mixed effect modelling was not

needed. For the LUKAS cohort, we also analysed the land-

use effect against several potential confounding factors, using

the same logistic regression approach as above. Associations

between confounding factors and atopy were analysed using

generalized linear models with Poisson distributed errors

(Poisson regression on counts) as recommended by (21).

Results

Land use and atopy

The four data sets cover a wide range of different environ-

ments, which comprise a gradient from forested to built envi-

ronments (Fig. 1A). In the LUKAS and KARA cohorts, the

prevalence of atopy decreased systematically by increasing

percentage of both agricultural land and forest within 3 km

of the home (Fig. 1B,C). As these two land-use types had

symmetric effects, we describe below land use by the sum of

the relative covers of forest and agricultural land, which var-

ies between 0 and 1, and which we call the land-use gradient.

For the two youngest age groups combined (0.5–3 years of

age), the prevalence of atopy was low and there was no sig-

nificant association with the land-use gradient (Fig. 2A,

Table S1). In contrast, in the older subjects with higher prev-

alence, the association was robustly significant (Fig. 2B,C,

Table S1). In the oldest age group (13–20 years), the pre-

dicted prevalence increased from 0.2 in homes with the land-

use gradient approaching 1 to 0.6 in homes with the land-use

gradient around 0.2. The results are not sensitive to the exact

value of IgEth (Fig. S2), and the results remained largely the

same when atopy was defined separately based on indoor

and outdoor allergens (Fig. S3). More detailed results for dif-

ferent study cohorts are presented in Table S2.

One of the cohorts (LUKAS) includes children who had

moved home since their birth, mostly at the age of 1–2 years

(n = 97). In this group, we modelled atopy in relation to

land-use types in the surroundings of the home at the time of

birth and the new one to which the family had moved. The
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Figure 1 Land-use description. (A) PCA biplot of land-use types in

the different data sets: DIABIMMUNE Espoo (red) and Tarto (blue),

LUKAS (orange), and KARA (green). Increasing the proportion of

both forest and agricultural land in the landscape is associated with

a decrease in the average prevalence of atopic sensitization (atopy;

red contour lines) in the (B) LUKAS and (C) KARA data sets. Open

symbols indicate healthy individuals, and black dots represent ato-

pic individuals (cut-off IgEth = 0.5). Atopy was diagnosed for 6-year-

olds in the LUKAS cohort and for 13- to 20-year-olds in the KARA

cohort.

A B C

Figure 2 Logistic regression of the prevalence of atopic sensitiza-

tion against the land-use gradient in three data sets representing

different age groups. (A) 3-year-olds from DIABIMMUNE Espoo

(red) and Tartu (blue). (B) 6-year-olds from the LUKAS data set,

with either farmer or nonfarmer children. (C) Children of 6–12 years

and 13–20 years of age from the KARA data set. The lines indicate

the regression fit for each cohort. The IgEth for determining atopy

was 0.5. Results for other threshold values are given in Supporting

Information (Fig. S2).
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land-use gradient around the home at birth was a significant

predictor of atopy at the age of 6 years, whereas the land-use

gradient around the residence at 6 years of age was not

(Table 1).

Farm environment and other confounding factors

In the LUKAS data set, children living on farms had signifi-

cantly lower prevalence of atopy than children not living on

farms (IgEth = 1, Poisson regression on contingency table,

testing for the interaction between atopy and farm, esti-

mate = �0.84, P = 0.032). However, this analysis does not

take into account the fact that farms are mostly located in

environments with a relatively high proportion of forest and/

or agricultural land in their surroundings (Fig. 2B). When

the land-use gradient was included in the model, there was

no support for an independent farm effect (Table 2).

Testing of 26 potential confounding factors separately

against the land-use gradient did not alter our conclusions

about the relationship between land use and atopy (Tables

S3 and S4). While none of the interactions between the land-

use gradient and the confounding factors was statistically sig-

nificant, we further examined the land use–atopy relationship

separately for the different factor levels of the confounding

variables. We found a significant relationship for five con-

founders: paternal asthma, maternal allergy, exposure to

farm milk at young age (1 year), gender and domestic dog

exposure at young age (2 months). The association between

land use and atopy was stronger among children with a non-

asthmatic father (Fig. S4A), a nonallergic mother (Fig. S4B)

and those who had not consumed farm milk (Fig. S4C).

Also, the association was stronger among boys than girls

(Fig. S4D) and among children exposed to a dog at home

(Fig. S4E).

While child gender and paternal asthma were evenly dis-

tributed along the land-use gradient, maternal allergy (esti-

mate = �1.27, P = 0.0045), consumption of farm milk

(estimate = 4.91, P < 0.0001) and domestic exposure to dogs

(estimate = 1.89, P = 0.0047) were significantly associated

with the land-use gradient. Both farm milk consumption and

dog ownership were limited to areas with relatively high

cover of green space, >60% and >40%, respectively. When

considering these parts of the land-use gradient separately,

farm milk consumption and dog ownership were no longer

significant predictors of atopy prevalence.

Spatial scale of the land-use description

To evaluate the effect of the size of the spatial buffer, we

repeated the analyses with buffers ranging between 0.5 and

10 km for the older age groups (6–20 years) with significant

association in the above analyses (Table S1). Increasing the

buffer size from 0.5 km initially reduces, but eventually

increases, the variance in land-use types around individual

homes (Fig. 3A). Increasing buffer size is associated with

decreasing variance of the land-use gradient, which gradually

approaches the regional variance (Fig. 3B). The spatial scale

of land-use description affects the ability to detect a signifi-

cant relationship between the land-use gradient and atopy;

statistically significant relationships were observed at interme-

diate scales, from 2 to 5 km (Fig. 3C), which encompasses

the scale of 3 km used in the other analyses.

Land-use gradient and human commensal microbiota

We have data available on the skin microbiota for the

KARA cohort (19). In this data set, the relative abundance

of Proteobacteria was significantly correlated with the land-

use gradient in healthy (R2 = 0.19, P = 0.0005; Fig. 4) but

not in atopic individuals (Fig. S5). The significant relation-

ship stems from the relative abundances of Gammaproteo-

bacteria (R2 = 0.13, P = 0.006) and Betaproteobacteria

(R2 = 0.09, P = 0.025), which were significantly associated

with the land-use gradient (Fig. S5). The other major bacte-

rial classes showed no significant association (Actinobacteria

P = 0.21, Bacilli P = 0.27 and Clostridia P = 0.77).

Discussion

There is substantial evidence for higher prevalence of allergy

in cities than in the countryside (5, 6, 16), but the underly-

ing mechanisms remain unclear. In their review, Schram

Table 1 Relationship between land-use types around the home at birth and at 6 years of age and prevalence of atopic sensitization at

6 years of age, for children that moved home between birth and 6 years of age in the LUKAS cohort (n = 97). The prevalence of atopy

(log10(IgE) > IgEth) at 6 years of age was explained by the land-use gradient associated with the home at birth and the home at 6 years of

age in a logistic regression model (the two gradients were positively correlated, r = 0.51, P < 0.001). The regression estimate gives the

direction and magnitude of the relationship between the land-use gradient (relative increase in forest and agricultural land) and atopy. OR is

odds ratio (exp(Estimate))

IgEth

Atopy prevalence

at 6 years

At birth At 6 yrsk

Estimate OR P Estimate OR P

�0.5 0.443 �0.80 0.45 0.345 �0.02 0.98 0.974

0 0.330 �1.80 0.17 0.070 �0.25 0.78 0.788

0.5 0.237 �2.39 0.09 0.043 �1.07 0.34 0.327

1 0.216 �2.22 0.11 0.071 �0.78 0.46 0.493
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et al. (5) concluded that it is difficult to differentiate

between factors that contribute causally vs a multitude of

confounding factors. Here, we have presented a more fine-

grained analysis, examining the effect of land use around

homes in heterogeneous landscapes but in areas lacking cit-

ies, thereby excluding some of the confounders. We found

that atopy is associated with low cover of accessible green

space within 2 to 5 km from the home. Among children

older than 6 years, a dose-dependent relationship emerged,

supporting a causal link. In children who had moved in

their early childhood, the land use in the surroundings of

the home at birth was more strongly associated with atopy

at the age of 6 years than the environment surrounding the

second home. While this evidence for the importance of

early exposure is relatively weak, this result is consistent

with studies indicating that early-life exposure to, for exam-

ple, household pets (e.g. dogs) and farm environment most

efficiently reduces the probability of developing asthma/

allergy later in life (22–25).

Previous studies conducted in Europe show evidence for

growing up on a traditional farm being a significant factor

protecting against the development of allergy (4, 26). We

found the same effect, but when the land-use gradient was

included in the model, the farm effect was no longer signifi-

cant. A difficulty here is that most farms are surrounded

mainly by forest and agricultural land. It may also be that

living on a farm is confounded by other factors. Riedler

et al. (4), studying 3504 children in rural areas in Central

Europe, reported that consumption of farm milk in early

childhood has a protective effect against atopy. Our analysis

also suggests a protective effect for farm milk consumed

around 1 year of age, but once again this is confounded by

the fact that farm milk consumption was limited to children

living in areas with high cover of green space (>60%). Exam-

ining the land-use effect in different categories of children,

the association between the land-use gradient and atopy was

present only in children not exposed to farm milk nor to

dogs. This result suggests that the living environment, farm

Table 2 Effects of the land-use gradient and living on a farm on atopic sensitization (atopy) in the LUKAS data set. Given a sufficiently high

IgEth, the land-use gradient (around the home at birth) is a statistically significant predictor of atopy at 6 years of age in the pooled data set,

but the farmer status of the family is not, when both predictors are included in the same model. We analysed separately the nonmovers

(n = 203; children who had not moved house between birth and 6 years of age) and all individuals (n = 300).

IgEth

Nonmovers All

Gradient Farm Gradient Farm

Estimate P Estimate P Estimate P Estimate P

�0.5 �0.53 0.230 �0.16 0.340 �0.42 0.140 �0.24 0.480

0 �0.86 0.150 �0.29 0.170 �0.47 0.032 �0.41 0.278

0.5 �1.81 0.050 �0.14 0.420 �1.35 0.004 �0.31 0.677

1 �1.71 0.065 �0.44 0.144 �1.10 0.005 �0.67 0.269

A B C

Figure 3 The spatial scale of land-use description. (A) Variance in

land-use types (mean across individuals). (B) Variance in the land-

use gradient. (C) Statistical significance of the land-use gradient in

explaining the prevalence of atopic sensitization (on log-scale). In

addition to the land-use gradient, logistic regression models include

residence on a farm (LUKAS data set) or age (KARA data set). The

IgEth for determining atopy is 0.5 in both cases.

Allergy 70 (2015) 195–202 © 2014 The Authors. Allergy Published by John Wiley & Sons Ltd. 199

Ruokolainen et al. Green areas protect against allergy in children



milk and having a dog could offer alternative, possibly com-

plementary routes of protection against allergies.

The biodiversity hypothesis (17) suggests that biodiversity

loss due to population growth, rapid urbanization, destruction

of natural green areas, deforestation and so forth (16, 17, 27)

leads to reduced contact of humans with beneficial environ-

mental microbes. In support of the biodiversity hypothesis, we

found that for healthy individuals about 20% of the variation

in the relative abundance of Proteobacteria on the skin of the

study subjects was explained by the proportion of forest and

agricultural land in the landscape. To our knowledge, no pre-

vious study has investigated the relationship between the com-

mensal microbiota and environmental land use, although it

has been shown that, for example, microbiota in the gut is

affected by diet (28, 29). A recent study demonstrated that

contact with environmental microbiota via pets can have a

considerable impact on the composition of the gastrointestinal

microbiota (25). Our results are in line with these previous

studies, suggesting that the skin microbiota can change in

response to contact with bacteria in the surrounding environ-

ment. A puzzling feature in our results, however, is that the

relative abundance of Proteobacteria on the skin of atopic

individuals was not related to land-use types in the environ-

ment, a finding that needs further consideration.

Proteobacteria account for at least 40% of all prokaryotic

genera and encompass the bulk of gram-negative bacteria

(30). Most of the known Proteobacteria are free-living. For

example, Lauber et al. (31) studied microbial composition in

53 soil samples, where the relative abundance of Proteobacte-

ria ranged between 0.2 and 0.8, with a mean of 0.54. It is

thus reasonable to assume that the relative abundance of

Proteobacteria shows substantial variation along the land-use

gradient in the present study. This also lends support to the

proposition that contact with soil facilitates exposure to ben-

eficial environmental microbiota (16). Many species of Prote-

obacteria, especially those in the classes of Beta- and

Gammaproteobacteria, are pathogenic (30), which may indi-

cate their potential in the early priming of the immune sys-

tem. Hanski et al. (19) reported that generic diversity of

Gammaproteobacteria on the skin was inversely associated

with atopy, and an experimental study in a mouse model

confirmed a key role for one gammaproteobacterial genus,

Acinetobacter, in protecting from atopic sensitization and

lung inflammation via the skin (32).

In conclusion, the present results indicate that environmen-

tal land use, and hence environmental biodiversity, affects

the composition of the human skin microbiota, which in turn

may protect against atopy and potentially against other

chronic inflammatory disorders. Our results point to a special

role for some Proteobacteria in the skin, but other microbes

and body parts, not studied here, may be important as well.

These results have obvious implications for planning of land

use in densely populated regions and highlight the impor-

tance of the contact of young children with natural environ-

ments. More empirical work is urgently needed on the

influence of the environment on the composition of the

human commensal microbiota and its stability over time in

various parts of the body.
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