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• Acute lymphoblastic leukemia (ALL) is
the world's most common pediatric
cancer.

• Exposure to plant diversity is associated
with a reduced risk of ALL in a dose-
dependent fashion.

• The protective effect of plant diversity
may be mediated by changes in the
microbiome.
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The biodiversity hypothesis posits that declining biodiversity may be responsible, at least in part, for the global
increase in immune diseases. However, few studies have been able to demonstrate a link between exposure to
biodiversity and specific health outcomes. We test whether exposure to plant diversity protects against child-
hood acute lymphoblastic leukemia (ALL) by promoting immune maturation. Our sample consisted of all chil-
dren born in New Zealand from 1998 to 2013 (n = 899,126; 264 ALL cases), which we followed from birth to
age five. We calculated plant-diversity metrics using the Global Biodiversity Information Facility, which contains
over two million geocoded plant records in New Zealand. Consistent with previous research, children who had
always lived in an urban area, or who had an older mother, were at greater risk for ALL, whereas children with
older siblingswere at lower risk. In addition, we found that plant-diversitymetrics based on themaximumnum-
ber of plant genera a child was exposed to during the first two years of life were protective of ALL. Specifically,
exposure to the highest tertile of plant diversity was associated with a reduction in ALL risk of 35% (95% CI:
11%–53%). Exposure to plant diversity, and associated microbial communities, may be a viable public-health in-
tervention to reduce the risk of ALL and possibly other immune diseases.
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1. Introduction

The biodiversity hypothesis posits that reduced contactwith thenat-
ural environment has adversely affected the human microbiota and its
role in host immune regulation (Haahtela et al., 2013). It is based on a
hypothesized link between two trends: the global loss of biodiversity
and the concurrent increase in immune diseases especially in high-
income countries (Isolauri 2001). Despite the biodiversity hypothesis
receiving considerable attention in the scientific literature and the pop-
ular press, very few studies have demonstrated a direct link between
exposure to biodiversity and specific health outcomes. We address
this gap in the literature by testing the hypothesis that exposure to
plant diversity protects against childhood acute lymphoblastic leukemia
(ALL) in a large New Zealand birth cohort.

ALL is a malignancy of immune cell precursors, and theworld's most
common pediatric cancer, affecting 1 in 2000 children. Incidence is
highest in high-income countries and is rising by approximately 1%
per year (Linabery and Ross, 2008). Although contemporary chemo-
therapies cure most children with ALL, toxicities are substantial, and
survivors can experience lifelong health problems (Inaba et al. 2013).

Themost common formof childhoodALL, precursor B-cell ALL, is be-
lieved to develop in two discrete steps. First, an in utero genetic change
generates a pre-leukemic clone. Second, after birth, a small proportion
(<1%) of susceptible children develop a secondary genetic change fol-
lowing an infection, resulting in overt leukemia (Mori et al. 2002). Par-
adoxically, although infection is the proximate cause, microbial
exposure in early life, a critical step in immunematuration, may reduce
the risk of a dysregulated immune response to infection that triggers
ALL development (Greaves 2018). Although direct evidence that micro-
bial exposure protects against ALL is lacking, epidemiological studies
consistently show that day care-attendance (Barrington-Trimis et al.
2017) and having older siblings (Ajrouche et al. 2015) (both associated
with higher microbial exposure) are protective, whereas Caesarian de-
livery (lower microbial exposure) is a risk factor (Wang et al. 2017). In-
deed, a recent review of the causal mechanisms of ALL (Greaves 2018)
noted that through early-life microbial exposure “most cases of child-
hood ALL are potentially preventable”.

1.1. Literature review

A necessary condition for diversemicrobial exposure is a diversemi-
crobial habitat, an important source of which is plants. There are
391,000 known vascular plant species with a total leaf area of
1,017,260,200 km2 (twice the world's land area) supporting ~1026 bac-
terial cells (Vorholt 2012). Several studies have demonstrated thatmore
diverse plant communities support greatermicrobial diversity. Notably,
plants of the same species have similar microbial communities even
when growing in different locations, whereas different plant species
growing in the same location can support distinctly different microbes
(Kowalchuk et al., 2002). Plant microbial communities are also an im-
portant source of airborne microbes. For example, a study comparing
plantmicrobes to airbornemicrobes found that plantmicrobial commu-
nities are indistinguishable from airborne microbes 50 m downwind of
a plant, but upwind microbes are unique (Lymperopoulou et al., 2016).

Diverse plant communities are also associatedwith greater diversity
of the human microbiota. Specifically, a Scandinavian study (Hanski
et al. 2012) found that people who live in areaswith higher plant diver-
sity have more diverse skin bacteria and a reduced risk of atopic
sensitization. To our knowledge, no studies have shown a direct rela-
tionship between exposure to plant diversity and the diversity of the
gut microbiota. However, several studies have found that animals who
are exposed to more diverse plants have a more diverse gut microbiota.
For example, Phillips et al. (2018) found significant differences in the di-
versity of the gut microbiota of urban and rural white-crowned spar-
rows, which the authors attribute to differences between urban and
rural vegetation. More generally, a recent Chinese study demonstrated
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that geographical location is strongly associated with diversity of the
gut microbiota (He et al. 2018).

Higher plant diversity is also associated increased diversity of the
rhizosphere (Carney and Matson 2006), and emerging evidence sug-
gests that the rhizosphere may influence the human microbiome. For
example, Liddicoat et al. (2020) found that exposure to even trace
amounts of dust from high-biodiversity soil influenced the composition
of the gutmicrobiomeofmice and reduced symptoms of anxiety. There-
fore, the hypothesized protective effect of plant diversity on ALLmay in-
clude both the atmosphere and the rhizosphere.

Before treatment, the gut microbiota of children with ALL is less di-
verse than that of healthy children, although it is unclear whether this
is a cause or consequence of the disease (Rajagopala et al. 2016). In ad-
dition to ALL, dysbiosis of the gutmicrobiota is associatedwith a rapidly
expanding range of adverse health outcomes (Cho and Blaser 2012).

Despite the fact that plants are amajor source ofmicrobial exposure,
the association between exposure to plant diversity and ALL has not
been studied, although a handful of papers have examined the relation-
ship between exposure to plant diversity and other health outcomes.
Most have focused on the relationship between self-reported wellbeing
and plant-and-animal diversity, generally finding a positive association
(Dallimer et al. 2012). Few studies have focused on specific health out-
comes. One exception is a New Zealand study, which found that plant
diversity is protective of childhood asthma (Donovan et al. 2018). Sim-
ilarly, an Australian study (not focused exclusively on asthma) found
that multiple biodiversity metrics were associated with lower rates of
hospital admissions for respiratory disease (Liddicoat et al. 2018).

We test two hypotheses related to plant diversity and pediatric can-
cer. First, we hypothesize that childrenwho are exposed to greater plant
diversity are at a reduced risk of developing ALL. Second, we hypothe-
size that there is no association between exposure to plant diversity
and the risk of developing other pediatric cancers.

2. Methods

2.1. Sample and study area

We followed all children born in New Zealand between January 1,
1998 and December 31, 2013 (n = 946,098) for five years. We were
able to link 95.0% of these children to address and covariate data giving
an analytical sample of 899,126. Data on outcomes and covariates were
obtained using Statistics New Zealand's Integrated Data Infrastructure
(IDI), which is a collection of linked individual-level databases that
covers approximately 95% of New Zealand residents (Milne et al.
2019). We chose this sample frame, because residential history in the
IDI is unreliable before 1998, and, because of a cancer reporting lag,
2013was the latest year that allowed us to follow children for five years.

Our study was classified as out of scope by the New Zealand Health
and Disabilities Ethics Committee, approved by Statistics New Zealand
(approval #MAA2019-07), and conducted in accordance with national
and international ethical guidelines for observational studies.

2.2. Outcomes

We identified cases of ALL (ICD 10 code: C91.00), and all other can-
cers, using the New Zealand cancer registry. Our sample contained 264
ALL cases by age 5 and 603 cases of other cancers.

2.3. Exposure metrics

The building blocks for our plant-diversitymetrics were the number
of plant species, genera, families, and orders a childwas exposed to dur-
ing each of the first five years of life (five annual values for each child).
From these annual values, we created composite metrics. For example,
for the first two years of life—the primary focus of this paper—we
created three metrics from these annual values: mean exposure (mean
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of the year one and year two values) as well as the maximum and mini-
mum of these two annual values. We used mean, minimum, and maxi-
mum exposures in our analysis, because it is not clear whether
immune maturation is a function of continuous microbial exposure, or
if departures from mean lifetime exposure are more important. We fo-
cused on exposure during the first two years of a child's life, as multiple
studies have shown that environmental exposures during this period
play a critical role in immune maturation (Gollwitzer and Marsland
2015).

We used four data sources to create these annual exposure values
(Fig. 1). First, we overlaid plant-occurrence data from the Global Biodi-
versity Information Facility (GBIF) with the 2008 New Zealand Land
Cover Database (v4.1) (Land InformationNewZealand 2012). GBIF con-
tains >1 billion geocoded plant records of which 2,057,987 are from
New Zealand. Most of these come from systematic surveys by govern-
ment agencies, although somewere collected by individuals participat-
ing in the iNaturalist Program (n = 150,771). The New Zealand
Landcover Database classifies all land cover in mainland New Zealand
into 1 of 33 classes (Schmitt et al., 2017).

We next calculated meshblock-level diversity by multiplying the
number of species in each class by the proportion of a meshblock cov-
ered by that class and then summing across all land-cover classes
(meshblocks are the smallest geographical unit at which Statistics
New Zealand reports data). For example, if half a meshblock was cov-
ered by land-cover type 1 (1000 species nationally) and the other half
by land-cover type 2 (500 species nationally), plant species diversity
would be ((0·5 ∗ 1000)+ (0·5 ∗ 500))=750.We repeated this process
for plant genus, family, and order. In New Zealand, the GBIF contains
9725 species, 2936 genera, 543 families, and 160 orders. Finally, we
merged these data with residential history to calculate annual exposure
values.

We used national totals of plant diversity in each land-cover class
(rather than the number of each in a meshblock), because it is likely
that sampling intensity is higher in areas where more people live or
visit, and, in the presence of non-random sampling, this point-to-grid
approach is most accurate, when points are aggregated to large units
Fig. 1. Flowchart showing how annual plant-diversity exp
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(such as national land-cover classes) (Schmitt et al., 2017). Therefore,
our metrics should be viewed as the maximum plant diversity that a
child was exposed in a given meshblock. Note that there were no
plant records in 28,961 meshblocks, which account for 7.2% of the
area of mainland New Zealand.

We calculated meshblock-level exposure metrics, because IDI pro-
vides residential history by meshblock. On average, 95 people live in a
meshblock, and the mean area for urban and rural meshblocks is 20.4
and 2498 ha, respectively.

Tomeasure intensity of plant exposure, we used theNormalizedDif-
ference Vegetation Index (NDVI), which is a greenness index (bounded
by−1 and 1) derived from satellite imagery. Specifically, we usedmax-
imum annual NDVI derived from Landsat imagery archives (30 m reso-
lution) (Chander et al. 2009) specific to each year of the analysis (annual
values were calculated from multiple cloud-free scenes). As with plant
diversity, we used these annual values to calculate exposure metrics
for the first two year of a child's life. Fig. 2 shows plant genus diversity
and NDVI for New Zealand and the capital, Wellington.

Maternal environmental exposure can influence a child's immune
development (Jenmalm 2011). Therefore, we calculated prenatal expo-
sure (conception to birth) following the same procedures we used for
post-natal exposure (matching to maternal address). In addition, we
classified each meshblock as urban or rural using definitions from the
New Zealand Census (urban areas are defined as cities, towns and
other conurbations of a thousand people or more) allowing us to calcu-
late the proportion of a child's life spent living in urban and rural areas.
Finally, we used Census data to calculate population density for each
meshblock, as higher population density may be a risk factor for ALL
(Hjalmars and Gustafsson 1999).

2.4. Covariates

We used the IDI to identify covariates that have previously been asso-
ciated with ALL, including number of older siblings, mother's age, gender,
ethnicity, and birth weight. To account for neighborhood-level social dep-
rivation, we used NZDep, a well-validated index based on nine census
osures were calculated. Figure credit: Kendra Wendel.



Fig. 2. Normalized difference vegetation index (NDVI) and the number of plant genera at the meshblock level. Insert shows detail for Wellington, New Zealand's capital.
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variables(Salmond and Crampton 2012) that ranks meshblocks into dec-
iles from 1 (least deprived) to 10 (most deprived). Finally, we estimated
meshblock-level road density and mean annual nitrogen dioxide concen-
trations. The nitrogen-dioxide estimates were developed by the National
Institute of Water and Atmospheric Research and are based on the sum
of two semi-empirical models: an urban background estimate and a
local increment from nearby roads. Nitrogen-dioxide measurements
were taken between 2006 and 2016 (data available from the authors).

2.5. Statistical analysis

We estimated logit models of ALL incidence including cases of ALL
that occurred from age two to agefive (210 cases) and exposuremetrics
calculated from birth to age two. This approach ensured that exposure
metrics only reflected pre-diagnostic exposure. Excluding post-
diagnostic exposure was especially important in this study, because in
New Zealand pediatric cancer treatment is available at three main hos-
pitals, so families often move for treatment.

We evaluated three types of exposures (mean, minimum, and
maximum) at four taxonomic scales (species, genus, family, and
order). Model selection involved backwards selection with progres-
sively lower p-value thresholds (final threshold: p < 0·1, two sided
test). We systematically reintroduced insignificant covariates (particu-
larly those that were associated with ALL in past studies) and retained
them, if coefficients of interest changed >10%. To gain further insight
into any dose-response relationships, we re-estimated our models
4

with biodiversity represented as tertiles rather than continuously (The
cutoffs for categorical exposure metrics and covariates, as well as the
number of cases and non-cases in each category, are shown in
Table 1). Finally, we re-estimated continuous and categorical models
using pre-natal exposure metrics.

As a validity check,we re-estimatedmodelswith all non-ALL cancers
as the case group (we would not expect exposure to plant diversity to
protect against non-ALL cancers). In addition, for ease of interpretation,
and to allow us to compare plant diversity metrics at different taxo-
nomic scales, we standardized plant-diversity and greenness metrics
by subtracting the mean and dividing by the standard deviation. There-
fore, odds ratios for plant-diversity metrics (Tables 3 and 4) denote the
effect of a 1-SD increase in exposure on the probability of developing
ALL. Finally, to ensure that results were not an artifact of our choice of
exposure window, we re-estimated models with three other exposure
windows: 0–1 years, 0–3 years, and 0–4 years. As the exposure window
lengthened, we dropped a correspondingly higher number of cases of
ALL to prevent the inclusion of post-diagnostic exposure in our models.
For example, in models that used an exposure window from birth to a
child's fourth birthday, we only included the 60 cases of ALL that oc-
curred from age 4–5.

3. Results

Table 2 shows descriptive statistics for select exposures and covari-
ates. Children with ALL were more likely to have European ancestry,



Table 1
Cutoffs and number of cases and non-cases for categorical plant-diversity metrics and co-
variates. Following IDI protocols, all sample sizes have been rounded to the nearest multi-
ple of three.

Variable 33rd
percentile

67th
percentile

# of
cases

# of
non-cases

REFERENCE: No older siblings 147 461,691
1 older sibling 84 262,017
>1 older sibling 30 166,116
REFERENCE: Mother's age T1 27 33 81 325,350
Mother's age T2 99 312,912
Mother's age T3 84 251,559
REFERENCE: Sometimes rural resident 24 103,890
Always urban resident 237 785,931
REFERENCE: Max # genera age 0 to 2
T1

2013 2066 72 219,573

Max # genera age 0 to 2 T2 81 244,908
Max # genera age 0 to 2 T3 96 425,343

Fig. 3. The association between exposure to plant diversity (age 0–2) at four taxonomic
and ALL among children born inNewZealand 1998–2013 (n=899,126, 210 cases of ALL).
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live in an urban area, have fewer older siblings, and were exposed to
fewer plant genera than children without ALL.

Exposure metrics based on the maximum number of plant genera
were most protective of ALL (Fig. 3). Therefore, we used genus-level
metrics in all subsequent models. Exposure metrics based on mean
andminimumexposure to plant diversitywere also significantly associ-
atedwith a reduction in ALL risk (Table 3). However, the overall explan-
atory power of the mean and minimum models were lower than
equivalent maximum-exposure models, and the statistical significance
and magnitude of mean and minimum exposures were also lower.
When split into tertiles, exposure to maximum number of plant genera
was associated with ALL in a dose-dependent manner (Table 4).

A number of insignificant results are notable. Overall greenness
(NDVI), social deprivation (NZDep), road density, nitrogen dioxide,
population density, and ethnicity, were not significantly associated
with ALL, nor did inclusion of any of these insignificant variables induce
a greater than 10% change in any coefficients of interest. In addition,
plant diversity was not significantly associated with other (non-ALL)
cancers (Supplementary Table S1), nor was prenatal exposure signifi-
cantly associated with ALL (Supplementary Table S2).

Plant diversity remained protective of ALL, when we used different
exposure windows (Supplementary Table S3), although there was
some expected loss of significance as the exposure window increased,
the number of cases of ALL declined, and the power of the analysis
was reduced. In the model that only considered exposure during the
first year of life (exposure 0–1 in Supplementary Table S3), the
Table 2
Descriptive statistics for children born in New Zealand from 1998 to 2013 separated by
children who developed ALL (n = 264)a and those that did not (n = 898,762).a

Variable CASES (n = 264)a NON-CASES
(n = 898,762)

Mean SD Mean SD

Ethnicity: European 65·1% – 60·4% –
Ethnicity: Māori 17·4% – 20·2% –
Ethnicity: Pacific 5·30% – 9·04% –
Ethnicity: Asian 9·85% – 7·99% –
Ethnicity: MELAA 1·14% – 0·85% –
Ethnicity: Other 0·379% – 0·604% –
Always lived in urban area 89·8% – 83·3% –
Always lived in rural area 8·70% – 8·91% –
Number of older siblings 0·636 0.921 0·791 1·09
Mother's age 30.3 5.80 29·6 6·13
Maximum # plant genera 1946 219 1991 167
Mean # plant genera 1930 220 1951 183
Minimum # plant genera 1914 233 1901 235
Maximum NDVI 0.529 0.119 0·547 0·119
NZDep 5·60 2.90 6·01 2·78

a Following IDI protocols, all sample sizes have been rounded to the nearest multiple of
three.
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protective effect of plant diversity also declined, in both magnitude
and significance, despite the inclusion of 39 more cases than our base
model (Table 3).

4. Discussion

This large New Zealand birth-cohort study is the first to show that
plant diversity is associated, in a dose-dependent way, with a reduced
incidence of ALL. The protective effect was relatively large, with the
highest tertile of plant diversity associated with a reduction in risk of
35% (95% CI: 11–55%). For comparison, havingmore than one older sib-
lingwas associated with a 47% reduction in risk, and having amother in
the top age tertile (>33 years old)was associatedwith a 48% increase in
risk. No association with plant biodiversity was observed for all other
cancers combined suggesting that these effects are specific to ALL. In ad-
dition, prenatal exposure was not associated with ALL incidence, which
suggests that in utero exposure to plant diversity may be less important.
Consistent with other studies, we also found that having an older
mother (Hemminki et al. 1999) and living in an urban area (Stiller
et al. 2008) were risk factors for ALL, whilst older siblings were protec-
tive (Ajrouche et al. 2015). If the associations reported here are causal
then this is an important finding, as there are currently no public-
health interventions to reduce ALL risk, and plants are a modifiable
component of the environment.

Plant diversity, which is known to be associated with diverse envi-
ronmental microbiota (Kowalchuk et al., 2002; Lymperopoulou et al.,
2016), may protect against ALL by promoting immune maturation
through changes in the human microbiota (as suggested by the biodi-
versity hypothesis). This mechanistic pathway is supported by a recent
case-control study (Rajagopala et al. 2016), which found marked pre-
treatment differences in the gut microbiota of children with ALL. How-
ever, it is possible that this is caused by the disease process rather than it
being involved in the causal pathway of ALL. Our findings are also con-
sistent with a previous study conducted by this research team, which
found that children who lived in more biodiverse neighborhoods were
less likely to develop childhood asthma—another condition with an im-
mune component that is influenced by the gut microbiota (Donovan
et al. 2018).

Exposure to plants can have other beneficial effects including stress
reduction, improved air quality, and better social connections. These
mechanisms likely play a role in the protective effect of the natural en-
vironment on other health outcomes, and we cannot dismiss the possi-
bility that exposure to plants, rather than their microbial communities,
are also directly protective of ALL. However, greenness (NDVI) was not
associated with a reduction in ALL risk, which suggest that plant



Table 3
Association between exposure tomaximum,mean, andminimumplant diversity and ALL incidence among children bornNewZealand 1998–2013 (n=899,126). Following IDI protocols,
all sample sizes have been rounded to the nearest multiple of three. OR = Odds Ratio; CI=Confidence Interval.

Variables OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

REFERENCE: No older siblings 1.00 1.00 1.00
1 older sibling 0.921 (0.696–1.218) 0.564 0.927 (0.705–1.218) 0.587 0.927 (0.705–1.218) 0.587
>1 older sibling 0.497 (0.329–0.752) <0.001 0.529 (0.356–0.785) 0.0016 0.529 (0.356–0.785) 0.0016
REFERENCE: Mother's age T1 1.00 1.00 1.00
Mother's age T2 1.382 (1.017–1.879) 0.039 1.369 (1.016–1.844) 0.039 1.369 (1.016–1.844) 0.039
Mother's age T3 1.52 (1.098–2.104) 0.012 1.500 (1.094–2.057) 0.012 1.5 (1.094–2.057) 0.012
REFERENCE: Sometimes rural resident 1.00 1.00 1.00
Always urban resident 1.495 (0.959–2.33) 0.076 1.447 (0.937–2.235) 0.095 1.447 (0.937–2.235) 0.095
Max # genera age 0 to 2 0.867 (0.779–0.966) 0.009
Mean # genera age 0 to 2 0.877 (0.785–0.979) 0.019
Min # genera age 0 to 2 0.893 (0.797–1.001) 0.052
R-squared 0.0055 0.0053 0.0053
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diversity is not merely a proxy for exposure to the natural environment.
The insignificance of greenness (NDVI) suggests that public-health in-
terventions to reduce ALL risk through plant exposure, should prioritize
plant diversity over overall greenness. Finally, neither nitrogen dioxide
nor road density (both proxies for traffic-related air pollution)were sig-
nificantly associated with ALL, nor did their inclusion in regression
models change coefficients of interest by >10%, which suggests that
the association between plant diversity and ALL is not confounded by
improved air quality.

Our finding that maximum (rather than mean or minimum) expo-
sure to plant diversity offered the greatest protection suggests that
public-health interventionsmay bemost effective, if they provide expo-
sure to high plant diversity, even for shorter periods of time, rather than
sustained exposure to lower-level diversity. However, our results do not
provide any guidance on the optimal duration or intensity of this expo-
sure. When split into tertiles, plant diversity was only protective in the
top tertile, which suggests that plant diversity may only protect against
ALL above some minimum threshold.

We also found that diversity at the genus level was most protective
of ALL and explained more of the variance in ALL incidence than equiv-
alentmetrics based on plant species, family, or order. The poorer perfor-
mance of metrics at the family and order level is expected, because
information is lost as the taxonomic scale of metrics coarsens. The
poorer performance of species-levelmetricswas somewhat unexpected
and suggests that differences in microbial communities among species
of the same genus may be insufficient to provoke unique immune re-
sponses. However, it is not clear what elements of this genus-level di-
versity offer the most protection. For example, is structural plant
diversity most important, or is diversity in the chemical composition
of plant leaves more important?

When we shortened the exposure window to just the first year of
life, plant diversity remained protective of ALL, but the magnitude and
significance of the association declined, which suggests that exposure
Table 4
Association between maximum exposure to plant diversity (represented continuously and in
Following IDI protocols, all sample sizes have been rounded to the nearest multiple of three. O

Variables OR (95% CI)

REFERENCE: No older siblings 1.00
1 older sibling 0.921 (0.696–1.218)
>1 older sibling 0.497 (0.329–0.752)
REFERENCE: Mother's age T1 1.00
Mother's age T2 1.382 (1.017–1.879)
Mother's age T3 1.52 (1.098–2.104)
REFERENCE: Sometimes rural resident 1.00
Always urban resident 1.495 (0.959–2.33)
Max # genera age 0 to 2 0.867 (0.779–0.966)
REFERENCE: Max # genera age 0 to 2 T1
Max # genera age 0 to 2 T2
Max # genera age 0 to 2 T3
R-squared 0.0055
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beyond thefirst year of life is protective.Whenwe lengthened the expo-
sure window beyond the first two years of life, the association between
plant diversity and ALL declined in significance, although this is likely
due, at least in part, to a reduction in statistical power.

Our study has several limitations. Thiswas an observational study, so
we were unable to prove a causal relationship between exposure to
plant diversity and ALL risk. The observed associations should therefore
be interpreted with care until future experimental studies confirm a
causal link between plant diversity and ALL. Our exposure metrics
were based on residential history, which is at themeshblock level rather
than precise address. In consequence, all our exposure metrics are sub-
ject to measurement error. This is especially true for children living in
large rural meshblocks. In addition, the accuracy of residential data
within the IDI depend on how often an individual has contact with bu-
reaucratic systems. These contacts are likely to be frequent around a
child's birth, but may be less so during the early pre-natal period and
as a child ages. Therefore, exposure misclassification may be greater
for prenatal exposure and exposures later in a child's life. Our plant-
diversity metric is based upon national totals in each land-cover type,
but it is unlikely that all plant species found in a specific land-cover
type are also found in a given meshblock. This is a significant limitation.
Future studies could valuably focus on improving biodiversity-exposure
metrics. In addition, plant-diversity data come frommultiple surveys, so
it is possible that some areas are over sampled. However, most of these
limitations would likely result in random, as opposed to systematic,
measurement error and would, therefore, result in less precise, as op-
posed to biased, effect estimates.

In conclusion, this study suggests that exposure to plant biodiversity
may beprotective of childhoodALL. If true, the loss of global biodiversity
may, at least in part, explain the increase in childhood ALL incidence in
many parts of the world. Public-health interventions to increase
children's exposures to plant diversity may be a feasible option to re-
duce childhood ALL risk. Finally, our findings provide support for the
tertiles) and ALL incidence among children born New Zealand 1998–2013 (n = 899,126).
R = Odds Ratio; CI=Confidence Interval.

p-Value OR (95% CI) p-Value

1
0.564 0.923 (0.702–1.213) 0.566

<0.001 0.525 (0.354–0.779) 0.0014
1

0.039 1.373 (1.019–1.85) 0.037
0.012 1.511 (1.102–2.072) 0.011

1
0.076 1.525 (0.987–2.355) 0.057
0.009

1
0.982 (0.712–1.354) 0.911
0.645 (0.47–0.885) 0.0066
0.0065
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broader biodiversity hypothesis, which posits that global loss of biodi-
versity is, at least in part, responsible for an increase in the incidence
of immune diseases, especially in high-income countries.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.144627.
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