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A B S T R A C T   

Background: In modern urban environments children have a high incidence of inflammatory disorders, including 
allergies, asthma, and type 1 diabetes. The underlying cause of these disorders, according to the biodiversity 
hypothesis, is an imbalance in immune regulation caused by a weak interaction with environmental microbes. In 
this 2-year study, we analyzed bacterial community shifts in the soil surface in day-care centers and commensal 
bacteria inhabiting the mouth, skin, and gut of children. We compared two different day-care environments: 
standard urban day-care centers and intervention day-care centers. Yards in the latter were amended with 
biodiverse forest floor vegetation and sod at the beginning of the study. 
Results: Intervention caused a long-standing increase in the relative abundance of nonpathogenic environmental 
mycobacteria in the surface soils. Treatment-specific shifts became evident in the community composition of 
Gammaproteobacteria, Negativicutes, and Bacilli, which jointly accounted for almost 40 and 50% of the taxa on 
the intervention day-care children’s skin and in saliva, respectively. In the year-one skin swabs, richness of 
Alpha-, Beta-, and Gammaproteobacteria was higher, and the relative abundance of potentially pathogenic 
bacteria, including Haemophilus parainfluenzae, Streptococcus sp., and Veillonella sp., was lower among children in 
intervention day-care centers compared with children in standard day-care centers. In the gut, the relative 
abundance of Clostridium sensu stricto decreased, particularly among the intervention children. 
Conclusions: This study shows that a 2-year biodiversity intervention shapes human commensal microbiota, 
including taxa that have been associated with immune regulation. Results indicate that intervention enriched 
commensal microbiota and suppressed the potentially pathogenic bacteria on the skin. We recommend future 
studies that expand intervention strategies to immune response and eventually the incidence of immune- 
mediated diseases.   

1. Introduction 

Today, the vast majority of children in the world live in urban areas 
with limited access to natural environments (United Nations, 2018). 
Coincidently, an increasing number of children living in urban areas are 
also suffering from immune-mediated diseases, including asthma (Ege 

et al., 2012), type 1 diabetes (Kondrashova et al., 2005), atopy, and 
allergies (Hanski et al., 2012). Urban children, in comparison with rural 
children, have distinct commensal microbiota, which is hypothesized to 
be a cause of the high immune-mediated disease incidence among 
children living in an urban environment (Hanski et al., 2012; Kondra-
shova et al., 2013; Lehtimäki et al., 2017). According to the altered 
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environmental microbiota hypothesis, both biodiversity loss (Haahtela, 
2019) and urban pollution alter environmental and commensal micro-
biota, potentially leading to an imbalance in human microbiota (Parajuli 
et al., 2017; Roslund et al., 2019, 2018; Vari et al., 2021). Several studies 
suggest that an imbalance in human microbiota may eventually lead to 
increased incidence of noncommunicable immune-mediated diseases 
(Cekanaviciute et al., 2017; Ege et al., 2012; Hanski et al., 2012; Santoru 
et al., 2017; Stein et al., 2016). 

An imbalance in human microbiota (a.k.a dysbiosis), is characterized 
by overgrowth of some bacterial species, while the relative abundance of 
other bacteria decreases. The dysbiosis in commensal microbiota 
inhabiting the skin, mouth, and gut may be an important factor deter-
mining the transition from health to disease (Karkman et al., 2017; 
Lynch and Pedersen, 2016; Said et al., 2014; Stokholm et al., 2018). 
Dysbiosis on the skin is associated with dermatologic disorders, 
including atopic eczema (Fyhrquist et al., 2014; Nakatsuji and Gallo, 
2019), acne vulgaris, and rosacea (Murillo and Raoult, 2013). Many 
studies have reported an increased abundance of Staphylococcus aureus 
on skin among atopic compared with healthy individuals (Byrd et al., 
2017; Kobayashi et al., 2015; Nakatsuji et al., 2017; Nakatsuji and Gallo, 
2019). In addition, lower gammaproteobacterial diversity on the skin is 
associated with atopy, whereas Acinetobacter species induce anti- 
inflammatory responses on skin (Fyhrquist et al., 2014; Hanski et al., 
2012). Childhood salivary bacteria in the mouth may contribute to 
priming the microbiota in the gut (Wade, 2013). In addition to dysbiosis 
in the oral cavity, salivary bacteria are also connected to imbalances 
elsewhere in the human body (Wade, 2013), such as inflammatory 
bowel disease (Docktor et al., 2012; Said et al., 2014). Gut microbiota 
shapes the priming of the immune system in early childhood; thus, 
perturbations in the gut microbiome may trigger inflammatory disorders 
later in life (Gensollen et al., 2016; Stokholm et al., 2018). Dysbiosis in 
the gut has been linked to immune-mediated diseases, such as type 1 
diabetes (Brown et al., 2011), rheumatoid arthritis (Chen et al., 2016), 
asthma (Stokholm et al., 2018), and inflammatory bowel disease 
(Morgan et al., 2012). The production of butyrate is crucial in main-
taining gut health and most butyrate-producing bacteria belong to the 
families Ruminococcaceae and Lachnospiraceae (Geirnaert et al., 2017). 

Attempts to restore dysbiotic microbiota have often been unsuc-
cessful. Although various treatments are available to remedy gut dys-
biosis, for example probiotics, prebiotics, and fecal or vaginal microbe 
transplantation, these are not effective for most immune system disor-
ders, such as asthma and allergy prevention (Mennini et al., 2017). 
Probiotics may even delay the recovery of gut microbiota after antibiotic 
perturbation (Severyn and Bhatt, 2018; Suez et al., 2018). A potential 
explanation for the delay and ineffectiveness is that a few strains cannot 
mimic the influence of diverse natural bacterial communities; these are 
typically slow-growing and cannot be cultivated in laboratory condi-
tions (Kauppi et al., 2012; Parajuli et al., 2020; Primm et al., 2004; Yu 
et al., 2015). In contrast, exposure to diverse environmental microbes 
via multiple routes including skin and mucosal tissues may trigger a 
wider spectrum of innate immune responses and lead to the induction of 
adaptive immune responses (Kawai and Akira, 2010). 

Our previous studies have introduced novel strategies to modulate 
human commensal microbiota by exposing people to natural biodiver-
sity. These strategies are currently based on short-term skin contact with 
materials containing high microbial biodiversity, including rubbing 
hands with organic materials (Grönroos et al., 2019; Hui et al., 2019a; 
Nurminen et al., 2018) and exposure via fabric packets (Grönroos et al., 
2019). Until this study, the longest trial was our 28-day intervention 
where urban environmental biodiversity was enriched in order to 
examine the effects of biodiversity on commensal microbiota and im-
mune regulation of urban day-care children (Roslund et al., 2020). 
Children participating in the intervention, which included the enrich-
ment of day-care center playground with microbially diverse vegetation 
and organic soil, had more diverse commensal microbiota than children 
in the control group, whose day-care yards were not modified. In that 

study, the increase in gammaproteobacterial diversity on skin was 
associated with enhanced immune regulation (Roslund et al., 2020). 
However, the stability of the alterations in bacterial communities asso-
ciated with biodiversity intervention in the long-term still remains 
unexplored. 

In the current long-term study, we follow the shifts in commensal 
microbiota of urban day-care children for 1–2 years. The commensal 
microbiota shifts were studied among 89 children residing in two 
different day-care environments: (1) intervention yards amended with 
biodiversity elements and (2) standard urban control yards with no 
amendments. We analyzed children’s skin, salivary, and gut microbiota 
before the intervention, after a 28-day intervention period, and after 1 
and 2 years of intervention. We also analyzed how stable the environ-
mental microbiota was at the intervention day-care centers for 2 years. 
We hypothesized that long-term shifts in commensal microbiota vary 
between the intervention and standard day-care children, and that these 
shifts reflect the composition of environmental microbiota at the inter-
vention yards. 

2. Methods 

2.1. Study subjects and experimental setup 

Study subjects were healthy urban day-care children born in Finland 
and aged between 3 and 5 years at the beginning of the study. Exclusion 
criteria included immune deficiency, immunosuppressive medication, a 
medical condition affecting the immune response, and a cancer diag-
nosis. Standardized questionnaires were used to record the use of anti-
biotics, probiotics, medication, and other background information. 

Altogether, 89 children from 13 day-care centers participated in the 
study (Table 1). Day-care centers were located in three cities in southern 
Finland: Espoo (n = 6), Tampere (n = 2), and Lahti (n = 5). All the day- 
care yards included similar playing eguipments, i.e. a sandbox, a play-
ground, a swing, and a jungle gym. Seven of the day-cares were non- 
modified standard urban day-care centers, referred to as “standard 
day-care centers” hereafter, which served as controls. These standard 
day-care centers, had approximately 500 m2 yards with limited access to 
natural biodiversity. Six day-care centers were modified with forest floor 
(100 m2) and sod (200 m2) as described in Roslund et al. (2020) and 

Table 1 
Counts of the study subjects in intervention and standard day-care centers. 
Individuals using probiotics and/or antibiotics were excluded from the gut mi-
crobial statistical analyses. Human data were analyzed with intention-to-treat 
(ITT) (all study subjects) and per-protocol (PP) (complete cases) populations. 
The PP population was used to analyze changes between time points. Two-year 
gut bacterial shifts were not analyzed due to the limited number of study 
subjects.   

Intervention Standard Total 

Number of day-care centers 6 7 13 
Children in total 61 28 89 

Boys 31 17 48 
Girls 30 11 41 

Excluded from gut analyses: 
Probiotics users  7  2  9 

Antibiotics users 4 2 6 
All study subjects Intention-to-treat 
Saliva 20 12 32 
Skin 61 28 89 
Gut 49 25 74 
Year-one study subjects Per-protocol 
Saliva 10 6 12 
Skin 27 15 42 
Gut 17 6 23 
Year-two study subjects Per-protocol 
Saliva 7 0 7 
Skin 8 0 8 
Gut 3 0 3  
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Puhakka et al. (2019). Day-care centers in Lahti and Tampere were 
modified in May 2016 and day-care centers in Espoo in May 2017. 
Children also received peat blocks for playing and planting boxes for 
growing vegetables and flowers at the day-care centers. Originally, the 
intervention lasted for 28 days from May to June (Roslund et al., 2020). 
Personnel in the day-care centers ensured that children touched the 
green materials during the original 28-day intervention period. After 
that, the green materials remained in the yards, but our research group 
neither encouraged nor discouraged day-care personnel to organize 
prearranged exposure to the biodiverse materials. Nevertheless, in 
Finland, children usually play in the yards daily in the morning and 
afternoon for approximately 2 to 4 h altogether. Children were served 
three meals daily (breakfast, lunch, and afternoon snack) in the 
participating day-care centers, with the same daily menu in each city, as 
advised by the Finnish Food Authority National Nutrition Council 
(https://www.ruokavirasto. 
fi/en/themes/healthy-diet/national-nutrition-council/). Because diet 
and other lifestyle factors may affect human microbiota (Graham-Rowe, 
2011; Parajuli et al., 2020; Saarenpää et al., 2021), information about 
the consumption of berries and vegetables, time spent outdoors or in 
nature, contact with animals, sick days, and number of siblings were 
recorded in a survey on day 28. 

2.2. Sample collection 

To investigate the microbial shifts associated with the biodiversity 
intervention, we collected skin, saliva, and stool samples from 89 day- 
care children residing in either intervention day cares or in non- 
modified standard urban day-care centers (Table 1). We also collected 
surface soil samples from day-care yards. Samples were collected at 
baseline (day 0), day 28, and year one (day 365) from the intervention 
and standard groups. Since many children changed day-care center, 
started school, or did not provide signed informed consent for the 2-year 
follow-up, year-two (day-730) samples were acquired only from eight 
children, who all belonged to the intervention group. Soil samples were 
also collected at year-two from intervention yards. 

For skin bacterial community analyses, we collected swab samples (a 
sterile cotton-wool stick wetted in 0.1% Tween® 20 in 0.15 M NaCl) 
from the back of each child’s dominant hand (2 × 2 cm area, about 10 s 
wiping). Skin swabs were immediately put in dry ice and stored at −
70 ◦C until further processing. Skin samples were analyzed also in two 
groups, divided according to the year when the study started (2016 or 
2017). Among children who started the study in 2016, skin samples 
were collected in the afternoon after outdoor play at the yards, whereas 
among children who started the study in 2017 skin samples were 
collected before children went outdoors in the morning or afternoon. As 
children were required to wash their hands with soap for 0 to 2 h before 
assistants took skin swabs, and since handwashing and soap simplify the 
skin bacterial community (Fierer et al., 2008; Hui et al., 2019a), skin 
bacterial community analyses were divided into two groups. 

For salivary bacterial community analyses, study subjects were asked 
to refrain from eating and drinking before saliva samples were taken in 
the morning immediately after waking up. Saliva samples were collected 
using sterile cotton swabs. The children held three cotton swabs in their 
mouth for approximately 40 s. Parents/guardians collected the saliva 
and stool samples in sterile plastic tubes and they were stored in their 
home freezers (− 18 to − 20 ◦C) for 1 to 2 days until the researchers 
collected them and stored them at − 70 ◦C. 

Soil samples were collected from the intervention and standard day- 
care yards from five locations: from the sandbox and playground, and 
next to the swing, jungle gym, and main door. Within each location, five 
2 g subsamples were randomly drawn and combined to generate one 
sample per each location. The uppermost surface soil (depth < 1 cm) 
was collected since the children are in daily contact with the soil surface. 

2.3. Microbial analyses 

Bacterial communities were analyzed using Illumina MiSeq 16S 
rRNA gene metabarcoding with read length 2 × 300 bp using a v3 
sequencing reagent kit. Samples for MiSeq sequencing were prepared as 
in Roslund et al. (2019). Soil, stool, and saliva bacterial samples were 
extracted with a PowerSoil® DNA Isolation Kit (Qiagen, Hilden, Ger-
many) and skin swabs with a Fast DNA spin kit for soil (MP Biomedicals, 
Santa Ana, CA, USA) according to the manufacturer’s standard protocol. 
The V4 region within the 16S rRNA gene was amplified in PCR in trip-
licate using 505F and 806R primers (Caporaso et al., 2012). Negative 
and positive controls were included during the sampling process as 
recommended by Hornung et al. (2019). Control field blank swabs were 
taken in the same surroundings and same manner as the skin samples by 
holding the sterile swab in the air for 10 s. Negative controls were 
included during the sampling process and at all further steps (DNA 
extraction, PCR, and sequencing controls) and a positive control 
(Cupriavidus necator JMP134, DSM 4058) was included in each PCR to 
ensure the quality of the analysis. Bacterial sequence data were depos-
ited into the Sequence Read Archive (BioProject PRJNA531814). 

Raw sequence data were processed using Mothur (version 1.42.3) 
(Schloss et al., 2009) as in Roslund et al. (2019), except that OptiClust 
was used to assign sequence data to OTUs (Westcott and Schloss, 2017). 
Bacterial sequences were aligned against a SILVA reference (version 
123) and operational taxonomic units (OTUs) were classified using the 
Mothur version of a Bayesian classifier with RDP training set version 16. 
Low abundance OTUs (number of observations in the data set ≤ 10) 
were removed from the raw sequence data. The level of contamination 
was determined by comparing the biological samples with the controls 
(sampling blanks, positive controls, DNA extraction, PCR, and 
sequencing of negative controls) as recommended by Eisenhofer et al. 
(2019) and Hornung et al. (2019). To minimize the influence of 
contaminant DNA, OTUs observed in negative controls were removed 
from sequence data taking into account possible index hopping (if the 
OTU had 1000% or more sequence reads more on average in samples 
than in negative controls, the OTU was not removed). Removed taxa 
found in negative controls were Nesterenkonia, Halomonas, Caldalkali-
bacillus, Undibacterium, Comamonadaceae unclassified, Bacillaceae 1 
unclassified, Bacillales unclassified, and Xanthomonadaceae unclassi-
fied. The 16S ribosomal RNA (16S rRNA) sequencing generated a mean 
read count of 82 814 ± 62 571 for skin samples, 29 050 ± 7456 for 
saliva samples, 20 365 ± 10 696 for stool samples, and 63 996 ± 47 119 
for soil samples. Due to variation in sequence read counts and to keep as 
many samples as possible in the downstream analyses, skin samples 
were rarefied to 735, saliva samples to 8568, stool samples to 3156, and 
soil samples to 11 426 sequences. All the sequences were also rarefied to 
1050 sequences to allow analyses including all sample types. Good’s 
coverage index (average ± standard deviation: saliva 1.00 ± 0.00, soil 
0.97 ± 0.02, stool 0.99 ± 0.00, and skin 0.82 ± 0.14) was used to 
determine OTU coverage adequacy for diversity and community 
composition analyses. OTUs of interest were further identified to species 
level with microbial nucleotide BLAST (version 2.11.0 + ) (Zhang et al., 
2000). Potential human pathogens were identified as in Hui et al. 
(2019a), and a list of bacterial genera was used that includes potentially 
pathogenic species (opportunistic + facultative) as published in Ap-
pendix A in Taylor et al. (2001). 

2.4. Statistics 

All the statistical tests were done with R v3.6.1 (R core team, 2018) 
and the vegan (Oksanen et al., 2019) and lme4 (Bates et al., 2015) 
packages. Bacterial community composition was analyzed between 
children in intervention versus standard day-care centers with PER-
MANOVA (function adonis in the vegan package) (Anderson, 2017) with 
the Bray–Curtis metric. Two independent PERMANOVA analyses were 
done: one within time points and another between time points. 
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PERMANOVA was done at OTU, genus, order, family, class, and phylum 
level with abundance and presence/absence (standardization method 
“pa” with decostand function) data sets. The abundance and presence/ 
absence data sets are also called as weighted and unweighted distances, 
respectively. In addition, PERMANOVA was done within specific phyla 
and class if the relative abundance was over 1% (skin, saliva, and stool 
samples) or 0.2% (soil samples); the abundance and diversity of bacteria 
in particularly organic soils are extremely high (Orgiazzi et al., 2016; 
Sinkkonen et al., 2013; Yu et al., 2015, 2014). Multivariate homogeneity 
of group dispersions (PERMDISP, function betadisper in the vegan pack-
age) was used to examine whether the significant differences in PER-
MANOVA are caused by different within-group variation (dispersion) 
instead of different centroid positions. Principal coordinate analysis 
with the Bray–Curtis distance was used to visualize the difference in 
bacterial community composition (cmdscale function). The Shannon and 
Simpson diversity indices were determined using the function diversity 
and rarefied species richness using the function rarefy in the vegan 
package. 

Linear mixed models (LMMs) (function lmer in the lme4 package) 
were constructed to analyze temporal shifts in bacterial variables, taking 
into account clustering of participants and repeated measures. In LMMs, 
bacterial richness, diversity, or relative abundance was used as the 
dependent variable, treatment (intervention vs standard), age, gender, 
and time point as a repeated measures factor (fixed factor), and indi-
vidual participants nested within the cluster (day-care center) as a 
grouping variable (random factor). The differences in the bacterial 
variables between day-care children were determined using the t-test or, 
in the case of non-normally distributed data, the Wilcoxon signed-rank 
test. The LMMs, t-tests, and Wilcoxon signed-rank tests were done for 
bacterial taxa that have a relative abundance of at least 0.1%. Analysis of 
variance (ANOVA) was constructed to test bacterial richness and 
Shannon diversity differences in intervention materials. Pairwise com-
parison was done with Tukey’s honestly significant difference (HSD) 
test. 

Statistical analyses were done for intention-to-treat (ITT) and per- 
protocol (PP) populations (complete cases i.e., study subjects who pro-
vided all day-0, day-28, and year-one samples, and in the case of 2-year 
period analyses also a year-two sample). ITT includes all participants 
regardless of whether they provided samples at all time points. The PP 
population was used when changes between two time points were 
analyzed to investigate whether conclusions are sensitive to assumptions 
regarding the pattern of missing data. To estimate how much children 
within different day-care centers resemble each other, the intraclass 
correlation coefficients (ICCs) (function icc in the ICC package) were 
calculated as in Vandeputte et al. (2017). ICCs were calculated for OTU 
counts using a two-way analysis of variance (ANOVA) model defining 
each day-care center as a distinct class. Reliability was based on absolute 
agreement (Kim, 2013). 

To conceptualize the false discovery rate all the statistical tests were 
carried out with the Benjamini–Hochberg correction (referred to as the 
Q value in the results) (Benjamini and Hochberg, 1995). All statistical 
tests were considered significant at the Q < 0.05 level. 

3. Results 

3.1. Characterization of soil, skin, saliva, and stool bacterial communities 

After quality control, soil samples had 7885, skin samples 3075, 
saliva samples 677, and gut samples 1225 OTUs. Skin and soil had 1843 
OTUs in common, while skin and gut had 242 and skin and saliva 203 
OTUs in common (Table S1 A). Three OTUs were distinguishable in all 
sample types. According to the BLAST results two of these OTUs were 
Streptococcus salivarius (query cover = 100%, E value = 2 × 10− 130, 
identity = 100%), and Haemophilus parainfluenzae (query cover = 100%, 
E value = 4 × 10− 131, identity = 100%). The third OTU, Veillonella 
montpellierensis (query cover = 100%, E value = 2 × 10− 48, identity =

81%) had relatively low sequence similarity for a conspecific call. These 
OTUs are human commensal bacterial species; they were found rarely in 
mineral soil samples but not in intervention materials (Table S1 B). 
Bacterial communities in saliva samples formed a visually tight cluster 
adjacent to skin bacterial communities (Fig. S1). In a joint analysis that 
included all sample types and both day-care groups, time was a signif-
icant factor shaping environmental and commensal bacterial commu-
nities in the intervention treatment but not in the standard treatment 
(Table S1 C). 

On day 28, the consumption of berries and vegetables, time spent 
outdoors or in nature, contact with animals, sick days, and number of 
siblings were similar among day-care groups (P > 0.06). 

3.2. Exploration of shifts in soil microbiota upon intervention 

3.2.1. Bacterial community composition in intervention and standard yards 
Permutational multivariate analysis of variance (PERMANOVA) 

showed that the intervention shifted the community composition of 
surface soil bacteria from OTU to phylum level, and the community 
composition of the main phyla and classes differed between baseline and 
day 28 (Q = 0.001, Table S2 A) and between baseline and year-one 
samples (Q < 0.01, Table S2 B). Bacterial community composition 
shifted also between day-28 and year-one samples (Q < 0.002, 
Table S2 C), and the coefficients of determination from baseline to year 
one were generally smaller compared with day 28 (Table S2). When 
comparing the shifts between the year-one and year-two samples, the 
bacterial community composition was more stable, i.e., there were no 
shifts in the community composition at the OTU level or within major 
phyla and classes (Table S2 D). 

In PERMANOVA, bacterial communities differed between the inter-
vention and standard yards before (Table S3 A) and after (Table S3 B) 
the intervention period, and the coefficient of determination (R2) 
increased by 50% from 0.06 to 0.09. Pairwise PERMANOVA revealed 
that, in particular, one recently renovated standard day-care center 
consisting mostly of asphalt and rubber matting differed from the other 
day-care centers on day 0 (Table S4 A). 

There were shifts in the bacterial communities at the standard day- 
care yards during year one (Q < 0.05, Table S3 C), indicating normal 
regional and temporal variation in environmental microbiota (Fierer, 
2017; Soininen et al., 2021). When both day-care groups were plotted 
together in a principal coordinate analysis, the overall and gammapro-
teobacterial communities in the intervention yards shifted toward those 
in intervention materials over time, while no visually evident shift was 
observable in standard day-care yard soils (Fig. 1 A and B). OTU counts 
did not vary between day-care centers on day 0 or within day-care 
groups in day-28 or year-one samples (intraclass correlation coeffi-
cient, ICC < 0; Table S5). 

3.2.2. Soil taxonomic differences between day-care groups 
Intervention materials on day 1 contained a high diversity and 

richness of bacteria, particularly in sod (Table 2); most of the genera 
belonged to the classes Actinobacteria (10%), Sphingobacteriia (17%), 
and Alpha- (16%), Beta- (9%), and Gammaproteobacteria (8%) 
(Table S6). 

Within the first 28 days, the intervention shifted the relative abun-
dances of 60 soil bacterial genera (Table S7 A). Compared with the 
baseline (day 0), 34 of these 60 genera still differed after 1 year, and 17 
genera after 2 years (Table S7). Importantly, ten genera met the 
following four requirements: 1) the relative abundance shifted within 
28 days at the intervention yards (Table S7 A); 2) no or an opposite shift 
occurred at the standard yards (Table S7 C); 3) after 1 year, the relative 
abundance of these genera still differed between intervention and 
standard yards (Table S8 A); 4) the relative abundance stayed at the 
altered level for 2 years (Table S7 B). In detail, an increase at the 
intervention yards meeting these requirements occurred in Mycobacte-
rium, Mucilaginibacter, and unclassified genera within 
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Gammaproteobacteria and Granulicella, and a decrease occurred in 
Novosphingobium, Roseomonas, Flavisolibacter, Segetibacter, Beijerinckia, 
and an unclassified genus within Burkholderiales (Table S7 and S8). 

The diversity (Shannon index) of Gammaproteobacteria and Sphin-
gobacteriia was higher and that of Deinococci lower at the intervention 
yards compared with the standard day-care yards after year one 
(Table S8 B). These differences were not observed at the baseline (day 0) 
(Table S9). In addition, the intervention was associated with an increase 
in acidobacterial Gp1 Shannon diversity and richness, whereas these 
indices decreased at the standard yards (R2 > 0.09, P < 0.001, Q =
0.002, Table S10). 

3.3. Salivary microbiota 

3.3.1. Bacterial community composition shifts in saliva 
At the baseline, the community composition of bacteria at the OTU 

level did not differ between day-care groups; however, there was a 
difference in the Flavobacteriia community (R2 = 0.16, P = 0.001, Q =
0.008; Table S11). On day 28, gammaproteobacterial community com-
positions differed in saliva (R2 = 0.11, P = 0.002, Q = 0.02; Table S11 
E). After year one, the community composition of salivary bacteria 
differed at the OTU and class levels between the intervention and 
standard day-care groups; in particular we observed differences within 
the classes Gammaproteobacteria, Negativicutes, and Fusobacteriia 
(Table 3 A). In addition, among intervention children the community 
composition of the class Bacilli shifted between day-28 and year-one 

samples (R2 = 0.26, P = 0.002, Q = 0.02; Table S12 A) and this shift 
remained in year-two samples (Table S12 B and C). 

3.3.2. Salivary taxonomic differences between day-care groups 
Among the intervention children, the relative abundance of Firmi-

cutes, particularly Lactobacillales (R2 = 0.51, P and Q < 0.001), 
increased whereas that of Fusobacteriia decreased (R2 = 0.43, P <
0.001, and Q = 0.001) during year one (Table S13 A). Also gender was 
associated with the salivary bacterial community. Girls had more Pre-
votella (Bacteroidia) (R2 = 0.23, P < 0.001, Q = 0.008) and Veillonella 
(Negativicutes) (R2 = 0.31, P = 0.001, Q = 0.009) and a higher diversity 
of Firmicutes (R2 = 0.25, P = 0.002, Q = 0.01) compared with boys 
(Table S14). 

The richness of phylum Proteobacteria was higher in day-28 than 
year-one samples among intervention children (Table S13 A and B). 
Therefore, proteobacterial richness in saliva was higher among children 
in standard day-care centers compared with children in intervention 
day-care centers in year one (Table S15 C). Shifts in salivary bacterial 
diversity were rare and ephemeral. Within the ITT population, the alpha 
diversity of Proteobacteria in saliva increased slightly among interven-
tion children during the 28-day intervention period (Table S16 A), and it 
was higher than that of children in standard day-care centers on day 28 
(Table S15 E). However, the alpha diversity of Proteobacteria had 
returned to the baseline level in the year-one samples among interven-
tion children (Table S13). 

Intervention day 0
Intervention year one
Standard day 0
Standard year one

Intervention day 0
Intervention year one
Intervention year two
Intervention materials
Standard day 0
Standard year one

A) B)

C) D)

Fig. 1. Principal coordinate analysis (PCoA) representing shifts in bacterial communities between intervention and standard treatments. A) Soil bacterial OTU and B) 
gammaproteobacterial shifts, C) skin, and D) saliva bacterial OTU shifts with abundance data. Significance was determined by PERMANOVA. In short, the bacterial 
communities in the intervention yards shifted toward those in intervention materials (P and Q = 0.001) (A, B), and after year one the (C) skin (P = 0.02 and Q = 0.04) 
and (D) salivary bacterial community differed between children in the intervention versus standard day-cares (P = 0.01, Q = 0.02; Table 3). Statistics are shown in 
Tables S2 (within treatment) and S3 for soil (between treatments) (A, B), and Table 3 for skin and saliva (C and D). 
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3.4. Skin microbiota 

3.4.1. Bacterial community composition shifts on the skin 
The skin bacterial community differed between children in the 

intervention versus standard day-care centers at all taxonomic levels in 
year-one samples, when all children regardless of the starting year were 
analyzed jointly (Table 4 B). Within-group variation at the genus level in 
abundance data was higher among intervention children compared with 
children in standard day-cares in year-one samples (Table S17 C). Shifts 
in skin bacterial communities of the intervention children were similar 
to those in saliva: on skin, the class Bacilli community shifted during 
year one (Table S18 B) and this shift remained in year-two samples 
(Table S18). Other class-level shifts and differences between day-care 
groups in year one included gammaproteobacterial and Negativicutes 
communities (Table S18). 

When the data were analyzed according to the starting year, these 
differences between children in the intervention and standard day cares 
were observed only among children who participated in the study in 
2016, i.e., whose skin samples were taken after the children spent time 
outdoors at the day-care yards during the sampling day (Table S18 L). 
These community composition differences between intervention and 
standard day-care groups did not exist at the baseline (Table S18 J) or 
after the 28-day intervention period (Table S18 K). 

Among intervention children who started the study in 2017, i.e., 
whose skin swabs were taken before spending time at day-care yards, 
shifts were found in the community composition of classes Bacilli and 

Gammaproteobacteria (Table S18 B), and these shifts were not observed 
among the children in the standard day-care (Table S18 I). Among these 
intervention children, the total bacterial, Gammaproteobacteria, and 
Bacilli community composition shifted during the 28-day intervention 
period (Table S18 A), whereas there were no shifts among children in 
standard day-care centers (Table S18 G). Among intervention children 
who participated in the study in 2016, the shifts between day 0 and day 
28 were observed within phyla Proteobacteria, Actinobacteria, Bacter-
oidetes, and Acidobacteria (Table S18 A), whereas no shifts were 
observed among children in standard day-care centers (Table S18 G) 
(note the results are similar with the ITT and PP populations). 

3.4.2. Skin taxonomic differences between day-care groups 
The relative abundance of four opportunistic pathogens became 

lower among intervention children compared with children in standard 
day-care centers in the year-one samples. These were Gemella sp. and 
Streptococcus sp. within class Bacilli, Veillonella sp. within class Neg-
ativicutes, and H. parainfluenzae (Otu000003) within class Gammapro-
teobacteria (Table S19 C). In addition, the total relative abundance of 
genera containing potential human pathogens (acquired from Taylor 
et al., 2001) was lower among intervention children compared with 
children in standard day-care centers in the year-one samples (t-test: P =
0.002, Q = 0.013; Table S19 C). The differences were observed with the 
PP population and the trend was similar among all children regardless of 
the study starting year and with ITT populations (Table S19). 

Gender was a significant factor affecting taxonomic composition of 
Clostridiales but only among children who started the study in 2017, i.e., 
whose skin swabs were taken before spending time at day-care yards 
(Table S20). Specifically, relative abundances of Anaerococcus, Peptoni-
philus, and Ezakiella were greater for girls than boys (Table S20). 

3.4.3. Species richness and diversity on the skin 
The richness of Alpha-, Beta-, and Gammaproteobacteria was higher 

among children in the intervention day-care centers compared with 
children in the standard day-care centers in year-one samples when all 
children were in the model (Fig. 2; Table S19 C). This difference was not 
observed at the baseline or on day 28 (Table S19 A and B). 

Among children who started the study in 2016, evenness based on 
the Shannon diversity index decreased less among children in the 
intervention compared with those in the standard day-care centers (R2 

= 0.64, P = 0.002, Q = 0.014; Table S21 A) during the first year. 
Otherwise, the two day-care groups did not differ in their diversity. Total 
bacterial alpha diversity decreased in both the standard (R2 = 0.71, P 
and Q < 0.001, Table S21 C) and intervention day-care groups during 
year one (R2 = 0.37, P and Q < 0.001, Table S21 B). 

3.5. Shifts in gut bacterial community 

Gut microbial communities shifted in the ITT population within both 
day-care groups during the study period (Table S22). While several 
shifts were minor and seemed haphazard within the first year of inter-
vention, the relative abundance of Clostridium sensu stricto decreased by 
more than a third in 28 days among the intervention children (R2 = 0.07, 
P = 0.001, Q = 0.01; Table S22 A and Fig. 3). In addition, the relative 
abundance was less than a half of the baseline value in the year-one 
samples of the intervention group (R2 = 0.07, P = 0.008, Q = 0.3; 
Table S22 A), while in the standard group the relative abundance of C. 
sensu stricto remained constant throughout year one (R2 = 0.01, P > 0.5, 
Q > 0.9; Table S22 A). 

Additional relative abundance shifts in the ITT population included a 
decrease in genus Romboutsia among the intervention children within 
28 days (R2 = 0.03, P < 0.001, Q < 0.01; Table S22 A). Romboutsia 
abundance remained low in the year-one samples among the children in 
the intervention day-care group, whereas among the children in the 
standard day-care group the relative abundance of Romboutsia remained 
at the original, high level in the year-one samples (Table S22 A). 

Table 2 
A) Shannon diversity and B) richness of the intervention materials. Data are 
presented as mean ± standard deviation (number of samples = 3). Differences 
were analyzed with the analysis of variance (ANOVA) and pairwise comparisons 
were done with Tukey’s honestly significant difference (HSD) tests. OTU =
operational taxonomic unit.   

A) Shannon diversity Forest 
floor 

Peat bar Planting 
box soil 

Sod ANOVA 
P value 

Total bacteria 5.63 ±
0.20* 

5.09 ±
0.88** 

5.19 ±
0.21** 

6.87 
±

0.31 

< 0.001 

Actinobacteria 3.93 ±
0.33** 

3.21 ±
0.51** 

3.14 ±
0.15** 

4.51 
±

0.18 

< 0.001 

Sphingobacteriia 2.90 ±
0.22* 

2.35 ±
0.72** 

3.11 ±
0.13* 

3.95 
±

0.37 

< 0.001 

Alphaproteobacteria 3.93 ±
0.33 

3.68 ±
0.56 

3.52 ±
0.16* 

4.29 
±

0.22 

0.01 

Betaproteobacteria 2.00 ±
0.22** 

1.50 ±
0.53**,a 

2.77 ±
0.14 

3.39 
±

0.44 

< 0.001 

Gammaproteobacteria 2.00 ±
0.22** 

2.43 ±
0.59*,a 

1.27 ±
0.24** 

3.30 
±

0.22 

< 0.001  

B) Richness Forest 
floor 

Peat 
bar 

Planting 
box soil 

Sod ANOVA 
P value 

Observed OTU 
richness 

2121 ±
184* 

2177 ±
1764* 

2354 ±
464* 

4630 
±

1448 

0.007 

Actinobacteria 89 ±
10** 

132 ±
53* 

97 ± 16** 202 
± 30 

< 0.001 

Sphingobacteriia 80 ± 10 
* 

52 ±
40** 

95 ± 14 138 
± 31 

< 0.001 

Alphaproteobacteria 179 ±
15 

177 ±
77 

156 ± 14 197 
± 40 

0.519 

Betaproteobacteria 33 ±
4** 

32 ±
22** 

49 ± 6** 81 ±
15 

< 0.001 

Gammaproteobacteria 48 ± 4* 37 ± 23 
* 

40 ± 5* 77 ±
15 

< 0.001  

* Tukey’s HSD P < 0.05. 
** P < 0.001 compared with sod. 
a Tukey’s HSD P < 0.001 compared with planting box soil. 
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However, when the PP group was analyzed, the baseline values for 
Romboutsia in the intervention group were about half of those in the 
standard group and in year-one samples (Table S22 A). There were no 
additional genus-level abundance shifts in the ITT populations. 

Three shifts that occurred only in the PP population and not in the 
ITT population were observed within the order Clostridiales. Among the 
intervention children, the relative abundance of Ruminococcus 2 (Lach-
nospiraceae), Dorea (Lachnospiraceae), and an unclassified genus within 
Clostridiales increased, while among the children in standard day-care 
centers these abundances decreased during the 28-day intervention 
period (P < 0.002, Q < 0.03; Table S23 A). However, the baseline 
relative abundances of these three taxa were also higher in the standard 
than in the intervention group (Table S23). 

The community composition of gut bacteria did not differ between 
intervention and standard day-care children on day 28, but we observed 
several differences in the day-0 and year-one samples (Table S24). 

Gender was not a significant factor in the context of gut bacterial 
community. 

4. Discussion 

The current biodiversity intervention is the first one that follows the 
changes in commensal microbiota over the time periods of 1 and 2 years. 
The study demonstrates how the intervention altered environmental 
microbiota, which in turn was linked to alterations in commensal 
microbiota (See graphical abstract). 

4.1. Soil microbiota 

Introduction of intervention materials resulted in significant shifts in 
bacterial taxonomies. The microbial shifts remained for 2 years even 

Table 3 
Permutational multivariate analysis of variance results for salivary and skin bacterial communities. A) Salivary and B) skin bacterial communities differed 
between the intervention (skin samples n = 27, salivary samples n = 9), and standard day-care children (skin samples n = 15, salivary samples n = 6) in year-one 
samples. Analyses included the study subjects that gave both day-0 and year-one samples. Statistics are reported as F statistics, coefficient of determination (R2), 
probability P value, and Benjamini–Hochberg adjusted Q value. OTU = operational taxonomic unit.  

A) Salivary bacteria Abundance data Presence/absence data  

F value R2 P value Q value F value R2 P value Q value 

OTU level 1.514 0.104 0.112 0.168 2.043 0.136 0.006 0.021 
Genus level 1.961 0.131 0.029 0.108 1.708 0.116 0.098 0.110 
Family level 1.807 0.122 0.036 0.108 2.086 0.138 0.077 0.110 
Order level 1.524 0.105 0.142 0.168 2.306 0.151 0.033 0.066 
Class level 1.500 0.103 0.168 0.168 3.533 0.214 0.007 0.021 
Class Bacilli 0.612 0.045 0.662 0.662 0.882 0.064 0.589 0.673 
Class Betaproteobacteria 1.231 0.087 0.287 0.385 0.521 0.039 0.675 0.675 
Class Gammaproteobacteria 2.807 0.178 0.069 0.382 3.790 0.226 0.001 0.008 
Class Bacteroidia 1.089 0.077 0.337 0.385 1.645 0.112 0.153 0.245 
Class Clostridia 1.113 0.079 0.330 0.385 0.922 0.066 0.529 0.673 
Class Negativicutes 2.002 0.133 0.153 0.382 3.914 0.231 0.004 0.016 
Class Fusobacteriia 1.548 0.106 0.125 0.382 3.914 0.231 0.007 0.019 
Class Flavobacteriia 1.456 0.101 0.191 0.382 3.887 0.23 0.035 0.070 
B) Skin bacteria Abundance data Presence/absence data  

F value R2 P value Q value F value R2 P value Q value 
OTU level 1.900 0.041 0.067 0.067 1.595 0.035 0.021 0.042 
Genus level 2.473 0.053 0.039 0.047 1.955 0.043 0.020 0.042 
Family level 3.121 0.066 0.024 0.047 2.342 0.051 0.014 0.042 
Order level 3.326 0.070 0.028 0.047 2.212 0.048 0.040 0.060 
Class level 3.291 0.070 0.034 0.047 2.157 0.047 0.068 0.082 
Class Bacilli 3.039 0.065 0.018 0.046 0.929 0.021 0.520 0.607 
Class Betaproteobacteria 0.939 0.021 0.372 0.372 0.279 0.006 0.910 0.910 
Class Gammaproteobacteria 2.877 0.061 0.007 0.042 2.341 0.051 0.015 0.105 
Class Alphaproteobacteria 1.417 0.031 0.049 0.074 1.470 0.032 0.050 0.121 
Class Bacteroidia 1.486 0.033 0.136 0.163 2.016 0.044 0.052 0.121 
Class Negativicutes 2.994 0.064 0.023 0.046 2.071 0.045 0.133 0.186  

Fig. 2. Skin alpha-, beta- and gammaproteobacterial richness in intervention 
and standard groups at year one. Richness is shown for the PP population as 
mean ± standard error. Statistics are shown in Table S19. 
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Fig. 3. Relative abundance of Clostridium sensu stricto in the intervention and 
standard groups. Abundances were rarefied to 3156 sequences and relative 
abundance is shown for the ITT population as mean ± standard error. Statistics 
are shown in Table S22. 
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though children trampled the sod and forest floor vegetation. Bacterial 
shifts at the day-care yards were particularly observed within phyla 
Actinobacteria, Bacteroidetes, and Acidobacteria Gp1, and classes 
Alpha- and Gammaproteobacteria. The relative abundance of bacteria 
typically found in boreal forests increased at the intervention day-care 
yards (Pankratov et al., 2007; Pankratov and Dedysh, 2010; Sun et al., 
2014). Importantly, shifts in the soil surface that remained for 2 years 
included a higher abundance of genus Mycobacterium. Environmental 
mycobacteria, such as M. vaccae, have been proposed to have anti- 
inflammatory properties and improve mood and learning, while 
limiting anxiety and depression (Fonken et al., 2018; Frank et al., 2018; 
Matthews and Jenks, 2013; Reber et al., 2016). Humans, like their an-
cestors, have been exposed to nonpathogenic mycobacteria throughout 
their evolution (Rook et al., 2004), but according to our study myco-
bacterial abundance is low at typical urban day-care yards. The innate 
immune system recognizes environmental mycobacteria as harmless 
and adjuvant for regulatory T cells and anti-inflammatory inter-
leukin 10, i.e., mycobacteria prime our immune system to fight against 
pathogens (Frank et al., 2018; Rook et al., 2004; Smith, 2017). There-
fore, in the context of knowledge of environmental mycobacteria, the 
increase in the mycobacterial abundance at the intervention day-care 
yards may be beneficial from the viewpoint of the immune regulation 
of children. 

In particular, boreal forest floor included mycobacteria (see also 
Iivanainen et al., 1997; Niva et al., 2006), but boreal forest floor is un-
fortunately of limited supply, and it cannot be used in temperate and 
warmer regions. Therefore, there is a need for novel, microbiologically 
diverse landscaping materials that include a high diversity and richness 
of anti-inflammatory health-associated bacteria (Nurminen et al., 2018; 
Puhakka et al., 2021, 2019a,b). In our previous study, we manufactured 
and tested biodiverse mineral soil materials and observed a shift in 
microbial communities and an increase in bacterial diversity on skin 
(Hui et al., 2019a). Similar materials could be produced for children’s 
playgrounds and other urban green spaces to facilitate daily contacts 
with diverse environmental microbiota for children who have no daily 
access to agricultural or forest areas. If these man-made biodiverse 
materials are implemented in playgrounds and day-care yards, the 
changed microbial environment might alleviate the development of the 
immune system and decrease the risk of several immune-mediated dis-
eases in urbanized societies. 

4.2. Skin and saliva microbiota 

The fact that between-treatment differences in skin and saliva 
microbiota in the year-one samples were evident, particularly within the 
class Gammaproteobacteria, fits nicely with the higher gammaproteo-
bacterial diversity in the intervention compared with standard yards and 
supports the view that differences between intervention and standard 
day-care children are linked to the biodiversity intervention per se. In 
addition, since the relative abundance of common skin commensals and 
potential pathogens H. parainfluenzae (Gammaproteobacteria), Strepto-
coccus sp. (Bacilli), and Veillonella sp. (Negativicutes) became lower 
within year one among the intervention compared with standard day- 
care group, factors modulating skin bacterial community were plau-
sibly treatment-specific. Importantly, the current study found evidence 
that microbial changes on skin are associated with changes in the 
gastrointestinal tract; the community composition of classes Bacilli, 
Gammaproteobacteria, and Negativicutes shifted both on skin and in 
saliva in a treatment-specific way in the intervention and standard 
groups. In general, the current findings indicate that the microbiological 
changes reported in our recent short-term day-care intervention 
(Roslund et al., 2020) are likely to persist over a long time period after 
the establishment of green yards. 

An interesting aspect in our study is that biodiversity intervention 
might have prevented the season- or age-dependent loss (Hui et al., 
2019b; Lehtimäki et al., 2017) of skin alpha-, beta-, and 

gammaproteobacterial richness since these were lower among children 
in standard day-care centers in year one. As higher gammaproteo-
bacterial diversity on the skin and in the soil surface has previously been 
associated with proper immune modulation (Roslund et al., 2020), these 
findings are in line with the “old friends” and “biodiversity” hypotheses 
(Hanski et al., 2012; Rook et al., 2004) that frequent contact with rich 
environmental microbiota help to reduce the risk of immune-mediated, 
noncommunicable diseases. Indeed, in the context of children’s health, 
gammaproteobacterial diversity on skin has previously been associated 
with a decreased risk of atopy and allergies (Fyhrquist et al., 2014; 
Hanski et al., 2012). In addition, since the relative abundance of H. 
parainfluenzae, Streptococcus sp., and Veillonella sp. became lower within 
year one among the intervention compared with standard day-care 
group, and since these were the most common OTUs found in all sam-
ple types, including gut and soil microbiota, our results indicate that 
biodiversity intervention may affect taxa not distinguished in previous 
research that tested the old friends and biodiversity hypotheses. While 
H. parainfluenzae and Streptococcus have frequently been associated with 
human infections (Delorme et al., 2015; Nwaohiri et al., 2009; O’Neil 
et al., 2016), Veillonella is rarely reported to cause infection (Rovery 
et al., 2005; Sillanpää et al., 2017). Streptococcus and Veillonella have 
been more abundant on the skin and in the airways when the environ-
ment lacks natural biodiversity (Voorhies et al., 2019), and the high 
abundance has been associated with childhood asthma (Ahluwalia et al., 
2020; Lehtimäki et al., 2021) and atopic skin (Chng et al., 2016). 
Interestingly, the same bacterial taxa, including Haemophilus, Strepto-
coccus, Veillonella, and Gemella, that were observed to be lower among 
intervention children’s skin compared with children in standard day 
cares may contribute to imbalance in salivary microbiota and to in-
flammatory bowel disease (Said et al., 2014). It is important to note that 
we did not observe these potential pathogens in the intervention ma-
terials, and they were only rarely found in mineral soil samples taken 
from the yards, indicating that they belong to commensal microbiota 
that children transferred to yards. The reasons why they were not 
observed in year-one and year-two forest floor samples include high 
resistance of forest floor microbiota to commensal invaders, and the fact 
that boreal forest floor is a different habitat compared with the human 
body. This raises the interesting question of whether biodiversity 
intervention can be utilized to delay or prevent the spread of pathogens 
and inflammatory disorders (Haahtela, 2019). 

Interestingly, we found over two times more bacterial OTUs in skin 
swabs compared to stool samples. The reason might be that while stool 
contains several dominating bacterial species that are capable to live in 
acidic gut environment (Huttenhower et al., 2012), skin microbiota is 
highly influenced by the diverse environment and human behavior 
(Haahtela et al., 2021; Hanski et al., 2012; Lehtimäki et al., 2017; 
Saarenpää et al., 2021). In other words, skin – as the first frontier of the 
human body – is exposed to the huge variety of environmental microbes 
and may thus encounter numerous bacterial species. Several shifts in 
skin microbiota were not observed in day-care centers located in the city 
of Espoo where the study started in 2017, a year later than in Lahti and 
Tampere. One explanation for these differences is that samples were 
taken at different times of the day. In 2016, most skin swabs were taken 
after the children spent time outdoors at the day-care yards, whereas in 
2017, the swabs were taken before the children spent time outdoors. 
Another explanation is that the weather conditions differed between 
years and affected the children’s clothing. May 2016 was dry and sunny, 
the temperature was 3 to 5 ◦C higher than usual (daily mean tempera-
ture 10 to 21 ◦C), whereas May 2017 was rainy and the temperature was 
1 to 3 ◦C lower than usual (daily mean temperature 2 to 18 ◦C) (Finnish 
Meteorological Institute: http://www.ilmastokatsaus.fi). In 2016, chil-
dren often wore T-shirts, while in 2017 they mostly wore shirts with long 
sleeves, raincoats, and gloves. Possibly, diverse environmental micro-
biota reached arms and hands easier in 2016 when children wore coats 
and gloves less frequently. Alternative explanations include age: as most 
of our study children were 4 or 5 years old at the beginning of the study, 
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we were not able to compare different age groups within years. How-
ever, the physiology and structure of the skin changes with age (Waller 
and Maibach, 2005), possibly shaping skin bacterial communities. In 
addition, behavior is typically related to age; younger children play in 
close contact with soil, lick mucky hands, and ingest the soil more than 
the older children, which might affect the commensal bacterial com-
munities. In any case, gammaproteobacterial diversity on skin declined 
only among children in the standard day-care centers, which indicates 
that biodiversity intervention might prevent a weather- or age-related 
decline in anti-inflammatory bacteria on skin. 

4.3. Gender and microbiota 

As salivary Prevotella is abundant in patients with certain immune- 
mediated diseases (Larsen, 2017), the finding that girls had more sali-
vary Prevotella than boys indicates that gender-specific differences in 
oral bacteria may be related to health outcomes. Similarly, Veillonella 
was more abundant in the salivary microbiome of girls compared with 
boys, but as the association between Veillonella and caries is species- 
specific (Djais et al., 2019), we cannot state whether the difference is 
of medical interest. On the skin, girls had more Peptoniphilus, which is 
associated with diabetic skin and tissue infection (Dowd et al., 2008; 
Walter et al., 2014); however, Peptoniphilus and the other genera 
observed in greater abundance on the skin of the girls are part of the 
human vaginal microbiota and have only occasionally been observed on 
the skin (Brown et al., 2014; Diop et al., 2017; Lagier et al., 2015; 
Sharma et al., 2014). Gender-specific differences in the commensal 
microbiome may be related to diet, host physiology, and other living 
habits that differ between girls and boys (Ma and Li, 2019; Merkiel- 
Pawłowska and Chalcarz, 2017). Gender- and environment-related 
shifts might also be interdependent since boys and girls may choose 
different areas to play (Lucas and Dyment, 2010). Importantly, they 
both prefer green areas to play if available (Lucas and Dyment, 2010). 
Indeed, we previously studied how biodiversity intervention affected 
children’s well-being, play, and environmental relationships (Puhakka 
et al., 2019b). Based on that study, biodiverse yards motivated chil-
dren’s play, diversified their activities, and increased their physical ac-
tivity level. As biodiverse green areas promote well-being (Puhakka 
et al., 2019b) and health (Flandroy et al., 2018), and as microbial 
changes in our intervention group were previously associated with 
health benefits (Roslund et al., 2020), we recommend that green spaces 
are accessible for everyone. 

4.4. Shifts in the gut 

We are cautious in drawing conclusions based on gut results, since 
the number of participants that provided year-one samples was very 
small in the standard day-care group, and some of the between-group 
differences and shifts were observed in either the ITT or PP population 
but not in both. Keeping this in mind, the decrease found in the relative 
abundance of C. sensu stricto among intervention children is consistent 
with our previous study where this taxon was decreased with an 
increasing number of shrub species in home yards (Parajuli et al., 2020). 
Other shifts in gut bacteria were observed within family Lachnospir-
aceae, which has previously been associated with health promotion 
(Candela et al., 2014; Lynch et al., 2014). These included changes in the 
diversity, richness, or relative abundance of Lachnospiraceae, Rumino-
coccus 2, Dorea, and Blautia among children in the intervention and 
standard day-care centers. These bacteria include important butyrate 
producers, and they have been associated with protection against 
obesity (Cho et al., 2012), inflammatory bowel disease (Chumpitazi 
et al., 2016), antibiotic resistant Clostridium difficile infection (Petrof 
et al., 2013), and even colorectal cancer (Candela et al., 2014). How-
ever, certain Lachnospiraceae strains have been linked to onset of type 1 
diabetes (Giongo et al., 2011; Kameyama and Itoh, 2014), while the 
higher abundance of Lachnospiraceae family has been observed in 

healthy subjects compared to type 1 diabetes cases (Giongo et al., 2011; 
Roesch et al., 2009). There were baseline differences between children 
in the intervention and standard day-care centers within these taxa, and 
therefore we cannot state that these shifts are associated with biodi-
versity intervention. In addition, intervention materials did not include 
the above-mentioned genera known for butyrate production, indicating 
that other factors, such as the entire microbial community (e.g., bacte-
ria, fungi, archaea, protozoa, invertebrates, and viruses) bound to soil 
and plant particles might modulate the gut bacterial community. Also, of 
course, factors like health, living habits, diet, and genetic differences 
between individuals shape commensal microbiota (Huttenhower et al., 
2012; Lozupone et al., 2012). 

We also checked for differences in gut bacterial functional orthologs 
between the two day-care groups but did not find any (methodology in 
Roslund et al., (2019)). This further strengthens the conclusion that the 
effects of intervention on the gut microbiota were minor in this study 
compared with our earlier studies (Nurminen et al., 2018; Roslund et al., 
2020). In the earlier studies, changes in the gut microbiota were 
observed after well-instructed direct contact with soil-based environ-
mental biodiversity, while in the current study, day-care personnel were 
not asked to actively guide the children to play with intervention ma-
terials after the 28-day study period. Nevertheless, the current inter-
vention trial and earlier studies using animal models (Ottman et al., 
2019; Zhou et al., 2016), and our previous observational and interven-
tion studies with humans (Nurminen et al., 2018; Parajuli et al., 2020; 
Roslund et al., 2020), indicate that being in contact with biodiversity 
components in everyday life may shape the bacterial flora in the 
gastrointestinal tract. 

4.5. Factors needing attention 

During the long trial, we had to adjust two details while the trial was 
ongoing. In our previous 28-day intervention trial the nurses at the day- 
care centers guided the children to be in close contact with the green 
materials (Roslund et al., 2020). In contrast, in the current long-term 
follow-up study we did not ask for the systematic continuation of this 
guidance. We observed a decline in the total bacterial diversities on skin 
over time, and we cannot distinguish whether the decline was caused by 
normal age-dependent variation or whether it was caused by the lack of 
guidance. The second detail was related to the moment of sampling skin 
microbiota. In 2016, children gave skin bacterial swabs in the afternoon 
after playing at the yards, while in 2017 children gave the swabs after 
washing hands with soap and before going outdoors. While this 
adjustment possibly reduced random variation between swabs, it might 
have reduced variation between treatments. An interesting observation 
is related to the variation within day-care versus between day-care 
centers. While in most cases the ICCs were remarkably low, indicating 
that there was no significant variation in bacterial communities caused 
by the day-care center, soil bacterial communities differed between day- 
care centers before the intervention period. This is not surprising since 
the coverage by asphalt, concrete, rubber safety matting, various min-
eral soil materials, and natural rock varied between day-care yards; it is 
well-known that soil heterogeneity, patchiness, and structure modulates 
the variation in soil microbiota. Another occasion when intraclass co-
efficients indicated a day-care center effect was year-one skin swabs in 
standard day-care centers. These differences can be considered as 
normal variation caused by an urban, non-green environment. Impor-
tantly, our modeling approach to include individual participants nested 
within the cluster, i.e., day-care center, in multilevel modeling is the 
standard way to take potential cluster effects into account (Huang, 2016; 
Moen et al., 2016). 

The current intervention was designed to change the overall micro-
bial environment of children at day care yards, including altered airborn 
and phyllosphere microbiome and interlinkages between these and soil 
microbiota. Due to practical limitations, surface soil samples were used 
as proxies of the exposomic shift. Regardless of the methodology used in 
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the current study, there is no rason why future studies should not 
investigate how biodiversity interventions shape airborne and phyllo-
sphere microbiome, and how these are connected to the human 
commensal microbiome. In addition, because the study season may 
affect the exposure to diverse environmental microbiota, i.e. exposure is 
diminished in winter (Hui et al., 2019b; Nurminen et al., 2021), future 
intervention trials should pay attention to seasonal variation in the 
context of human commensal microbiota. 

One of the core questions in environmental microbiological studies is 
whether the changes observed are a haphazard consequence of the joint 
analysis of rich taxa. It is obvious that intervention shifted the soil 
bacterial communities at the intervention yards, since the relative 
abundance of forest floor bacterial taxa increased in the intervention 
yards and the bacterial community shifted toward bacterial commu-
nities in intervention materials (see Fig. 1). If the changes were random, 
taxa associated with a forest or an agricultural environment should not 
be overrepresented. In the current study, the situation was quite the 
opposite (see Table S7), i.e., typical forest soil microbiota such as 
Mycobacterium, Mucilaginibacter, and gammaproteobacterial commu-
nities were enriched in the intervention yards only. Further, the changes 
observed on the skin and in saliva were previously distinguished in 
comparisons of urban versus rural populations and in earlier interven-
tion or comparative trials (Hui et al., 2019a; Kirjavainen et al., 2019; 
Roslund et al., 2020; Ruokolainen et al., 2017). Further evidence of non- 
random between-group variation comes from the comparison of boys 
versus girls. Skin bacterial community differences between girls and 
boys were observed only among children whose skin swabs were taken 
before spending time at day-care yards, indicating that playing in a 
microbial-rich environment reduced the relative abundance of human 
originated microbiota on the skin. For these reasons, we conclude that 
shifts in microbiota observed in the current study were likely caused by 
the intervention per se. 

5. Conclusions 

This long-term intervention study shows that changes in environ-
mental and commensal microbiota are prolonged. Taken together the 
findings of this study and our previous studies (Grönroos et al., 2019; 
Hui et al., 2019a; Nurminen et al., 2018; Parajuli et al., 2020; Roslund 
et al., 2020, 2019, 2018) encourage the implementation of biodiverse 
nature-based solutions in the management and planning of urban en-
vironments. Conceptually, our findings indicate that there is a possi-
bility to enhance commensal microbiota and reduce the relative 
abundance of potential pathogens in urban environments using biodi-
versity interventions. This could eventually provide prophylactic alter-
natives against inflammatory disorders. 
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