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Bird biodiversity is declining at alarming rates, and it is esti-
mated that the bird population in the United States has 
decreased by 29% since 1970 (refs. 1–3). Among avian species, 

grassland birds have declined faster than any other guild in recent 
decades, with a 53% decrease since 1970 (refs. 3,4). These changes 
have been attributed to various factors, including the intensifica-
tion of agricultural production with increasing use of pesticides5, 
land-use changes at the extensive margin due to the continued con-
version of grassland acres3,6 and climate change7.

Although overall pesticide use has been declining in the United 
States, the types of synthetic insecticides applied to agricultural land 
have shifted over the past two decades from predominantly organo-
phosphorus and N-methyl carbamate pesticides to a mix dominated 
by neonicotinoids5. Figure 1a,b shows that the use of neonicotinoids 
has grown exponentially, while that of non-neonicotinoids has 
declined relative to the peak level in 1996. Although neonicotinoids 
are applied at lower rates per acre than non-neonicotinoids, they 
are considerably more toxic to insects and generally persist longer 
in the environment5.

Studies have raised concerns about the environmental risks 
of neonicotinoids for non-target species exposed to them5,8,9. 
Numerous laboratory and field studies have confirmed substan-
tial negative impacts of neonicotinoid insecticides on honeybees, 
wild bees and butterflies8,10–14. Many studies have noted that the 
toxicity of neonicotinoids can affect other non-target species as 
well, including birds, aquatic invertebrates and mammals15–19. 
Birds that feed on crop seeds as well as aquatic and emergent 
insects are widely exposed to neonicotinoid application. The con-
sumption of even one or two neonicotinoid-treated seeds by birds 
and mammals is likely to cause chronic risks for their reproduc-
tion and development20–23. In addition to directly affecting the 
birds that have direct exposure to them, these pesticides can have 
long-term effects on bird population and diversity by reducing 
the number of birds left to reproduce. These studies provide some 
support for a causal relationship between neonicotinoid use and 
the decrease in bird biodiversity according to the Bradford Hill 
criteria24, as discussed further in the Methods. However, there has 
been no large-scale, generalizable study quantifying the causal 

impact of neonicotinoids and their toxicity on bird biodiversity at 
the national scale in the United States.

The purpose of this Article is to examine the causal effects of 
neonicotinoid use and compare them with the effects of other pesti-
cide use on four bird species groups: grassland birds, non-grassland 
birds, insectivorous birds and non-insectivorous birds in the United 
States. We analyse the static effect of neonicotinoids on bird popu-
lations as well as the dynamic and persistent effect caused by neo-
nicotinoids reducing the sizes of bird populations and thus their 
reproductive capacity. Since the effects of exposure to pesticides are 
likely to differ across avian species17, we analyse the effects on three 
measures of biodiversity: bird population, species richness and spe-
cies diversity. These metrics have been widely used to study the 
factors that affect bird biodiversity25,26; however, no previous study 
has used the same statistical framework to examine the effects of 
pesticides on all three measures. We compile a panel dataset from 
the North American Breeding Bird Survey (BBS) for 29 species of 
grassland birds, 637 species of non-grassland birds, 36 species of 
insectivorous birds and 631 species of non-insectivorous birds from 
2,953 routes for the contiguous United States from 2008 to 2014 (see 
Supplementary Table 1 for the list of grassland birds and insectivo-
rous birds).

Results
The three measures of bird biodiversity used in this study are (1) 
bird population, measured by the number of birds observed; (2) 
species richness, measured by the number of bird species observed; 
and (3) species evenness, measured by the Shannon index of diver-
sity, which takes the relative abundances of different species into 
account (see ‘Data’). We examine the static and dynamic effects of 
neonicotinoid use while controlling for a number of other factors 
that are likely to influence bird species, including land use (cropland 
and urban land), use of non-neonicotinoid pesticides, breeding sea-
son and past winter monthly mean temperature and precipitation, 
and human population density27,28 (see ‘Data’ for details).

We undertake our analysis at the county level by aggregating 
route-level data over 2,448 counties in the United States to match 
the available data on pesticide use at the county level from the US 
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Geological Survey (USGS) over the 2008–2014 period (see sum-
mary statistics of the data at the county level in Supplementary 
Table 2; and see Supplementary Table 3 for toxicity range of neo-
nicotinoid pesticides). Our analysis is restricted to this period 
because land-use data from the Cropland Data Layer (CDL) pro-
vided by the National Agricultural Statistics Service (NASS) of the 
US Department of Agriculture (USDA) are available at the national 
scale from 2008 onwards, and data on neonicotinoid use from the 
USGS were discontinued after 2014 (ref. 29).

The causal effects of pesticide use and land use on bird biodi-
versity could be confounded by unobserved factors that may also 
affect bird biodiversity metrics, such as types of vegetation or land 
management practices. We conduct the Durbin–Wu–Hausman 
test for endogeneity of pesticide use, cropland acreage and devel-
oped land acreage. We find that we can reject the null hypoth-
esis of exogeneity of pesticide use and cropland acreage but not 
of developed land acreage (Supplementary Tables 4 and 5). We 
therefore analyse the effect of neonicotinoid use on bird biodi-
versity by estimating a fixed-effects panel data model with instru-
mental variables for pesticide use and cropland use (see Methods 
for details). We estimate Moran’s I statistic to test for spatial auto-
correlation in the error term and reject the null hypothesis of no 
spatial autocorrelation (see Supplementary Tables 4 and 5 for the 
details). We therefore apply Conley spatial standard error models  

to control for spatial autocorrelation30; these standard errors are 
reported together with the unadjusted standard errors in the 
regression results tables in the Supplementary Information. Our 
results on the significance of parameter estimates are robust to the 
type of standard error used.

We test the robustness of our findings by estimating alternative 
specifications and regression models. Specifically, we consider dif-
ferent toxicities of the various neonicotinoid insecticides and anal-
yse the effects of a toxicity-weighted measure of neonicotinoid use 
on bird biodiversity (Supplementary Tables 6 and 7). To do so, we 
construct a toxicity-weighted sum of neonicotinoid use as the new 
explanatory variable, where the weights are based on the toxicity of 
each type of neonicotinoid ingredient relative to a benchmark tox-
icity (see Supplementary Table 3 and ‘Data’ for details). The bench-
mark is set to be the toxicity of the most toxic ingredient, which is 
given a weight of 1; ingredients with lower toxicities have weights 
less than 1 (see the last column in Supplementary Table 3). Thus, 
one unit of toxicity-weighted neonicotinoid use is equivalent to one 
unit of the most toxic neonicotinoid.

Since pesticide data at the county level can be noisy31, we also 
undertake our analysis by aggregating the data to the crop reporting 
district level (see summary statistics of the data at the crop report-
ing district level in Supplementary Table 8 and regression results 
in Supplementary Tables 9–16). To account for the small-integer, 
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Fig. 1 | trends in total pesticide use in the United States. a, Total neonicotinoid use in the United States from 1994 to 2014. b, Total non-neonicotinoid 
pesticide use in the United States from 1994 to 2014.
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non-negative nature of the data for species richness, we also esti-
mate a fixed-effect instrumental variable Poisson model to test the 
robustness of our results32 (Supplementary Table 17).

Static effects of pesticide use. The upper panel of Table 1 presents 
a summary of results on the static impact of neonicotinoid use on 
grassland birds and non-grassland birds obtained from regres-
sions estimated at the county level and shown in Supplementary 
Tables 4 and 6. The corresponding results for insectivorous and 
non-insectivorous birds are presented in the upper panel of Table 2, 
and the regression coefficients are shown in Supplementary Tables 
5 and 7. To facilitate the narrative, we convert the estimated coeffi-
cients into semi-elasticities with respect to pesticide use (evaluated 
at the sample mean) at the county level and report the percentage 
impact of a 100 kg increase in pesticide use per county on bird 
diversity measures in Tables 1 and 2.

We find that neonicotinoid use has a negative and statistically sig-
nificant impact on the population of each of the four groups of birds 
(Tables 1 and 2). We estimate that, holding everything else constant, 
a 100 kg increase in neonicotinoid use per county (which represents 
a 12% increase on average) contributes to a 2.2% (±1.1%) decrease 
in the grassland bird population and a 1.4% (±0.6%) decrease in the 
non-grassland bird population; see the first row in the upper panel 
in Table 1 (the numbers after ± in the parentheses specify the 95% 
confidence intervals). The increase in neonicotinoid use also leads 
to a decrease in the species richness and evenness of grassland birds. 
More specifically, a 100 kg increase in neonicotinoid use causes 
about a 0.5% (±0.3%) decrease in grassland and non-grassland spe-
cies richness (roughly 0.02 species) and a 0.4% (±0.2%) decrease in 
grassland species evenness (measured by the Shannon index); the 
corresponding effect on the Shannon index for non-grassland spe-
cies is not statistically significant. This negative impact on species 

evenness reflects heterogeneous impacts of neonicotinoids on dif-
ferent types of grassland species.

Neonicotinoid use also decreases insectivorous bird populations 
by 1.6% (±0.9%) and non-insectivorous bird populations by 1.5% 
(±0.6%) (see the first row in the upper panel in Table 2). In addition, a 
100 kg increase in neonicotinoid use causes a 0.5% (±0.3%) decrease in 
non-insectivorous bird richness. The impacts of neonicotinoid use on 
insectivorous species richness and evenness and on non-insectivorous 
species evenness are negative but statistically insignificant.

We compare the effects of neonicotinoid use on bird biodiver-
sity with those of non-neonicotinoid pesticide use (and similarly of 
aggregate pesticide use) by estimating separate specifications that 
include each of the latter (non-neonicotinoid pesticides or aggre-
gate pesticides) as an explanatory variable (Supplementary Tables 
18–21). Supplementary Tables 18 and 19 show that the signs and 
statistical significance of the coefficient of non-neonicotinoid pes-
ticide use (or, separately, of aggregate pesticide use) on the four 
groups of birds are similar to those for neonicotinoid use, but the 
overall impact per 100 kg of use is substantially smaller (Tables 1 
and 2). Since non-neonicotinoid constitutes nearly 99% of total pes-
ticide use in terms of quantity in the United States over the studied 
period, these effects of non-neonicotinoid use on bird popula-
tions are similar to those of aggregate pesticide use (see the third 
row in the upper panel in Table 1). Specifically, a 100 kg increase in 
non-neonicotinoid pesticide use (which represents a 0.06% increase 
on average) in a county contributes to a 0.05% (±0.03%) decrease in 
the grassland bird population and a 0.03% decrease in bird popula-
tions for the other three groups in the county, holding everything 
else constant (see the second row in the upper panel of Tables 1 and 
2). Note that an increase by the same amount in neonicotinoid use 
has an effect more than 40 times larger than this (2.2% versus 0.05% 
and 1.4% versus 0.03%).

Table 1 | impact of pesticide use on grassland bird and non-grassland bird biodiversity

% change in grassland bird diversity % change in non-grassland bird diversity

Population Species richness Shannon index Population Species richness Shannon index

Using county-level data

Due to 100 kg increase per county in:

Aggregate neonicotinoid use

 −2.2 ± 1.1% −0.5 ± 0.3% −0.4 ± 0.2% −1.4 ± 0.6% −0.5 ± 0.3% −0.05 ± 0.07%

Aggregate non-neonicotinoid use

 −0.05 ± 0.03% −0.01 ± 0.01% −0.01 ± 0.01% −0.03 ± 0.01% −0.01 ± 0.01% <0.01%

Aggregate pesticide use

 −0.05 ± 0.03% −0.01 ± 0.00% −0.01 ± 0.01% −0.03 ± 0.01% −0.01 ± 0.01% <0.01%

Toxicity-weighted neonicotinoid use (normalized to the most toxic chemical)

 −5.1 ± 2.7% −1.2 ± 0.8% −1.0 ± 0.9% −3.3 ± 1.4% −1.1 ± 0.6% −0.1 ± 0.2%

Using crop-reporting-district-level data

Due to 100 kg increase per county in:

Aggregate neonicotinoid use

 −2.4 ± 1.4% −0.03 ± 0.11% −0.08 ± 0.07% −2.0 ± 0.8% −0.03 ± 0.05% <0.01%

Aggregate non-neonicotinoid use

 −0.06 ± 0.05% <0.01% <0.01% −0.04 ± 0.02% <0.01% <0.01%

Aggregate pesticide use

 −0.06 ± 0.04% <0.01% <0.01% −0.04 ± 0.02% <0.01% <0.01%

Toxicity-weighted neonicotinoid use (normalized to the most toxic chemical)

 −5.9 ± 3.6% −0.06 ± 0.27% −0.2 ± 0.2% −4.8 ± 1.9% −0.1 ± 0.1% <0.01%

Numbers after ± specify the 95% confidence intervals. For the crop reporting district results, we report the percentage changes using the county-level mean values of biodiversity measures for the 
convenience of comparison.
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The impact of the toxicity-weighted neonicotinoid use is quali-
tatively similar in sign and significance to that of unweighted 
neonicotinoid use (Supplementary Tables 6 and 7). However, the 
magnitudes of the effects are different. As shown in Table 1, an 
increase of 100 kg of the most toxic neonicotinoid leads to a 5.1% 
(±2.7%) reduction in the population of grassland birds and a 3.8% 
(±2.2%) decrease in the population of insectivorous birds (see the 
fourth row in the upper panel of Tables 1 and 2). The corresponding 
negative effects on non-grassland and non-insectivorous birds were 
smaller at 3.3% (±1.4%) and 3.5% (±1.4%), respectively.

Impact of cropland expansion. We find that cropland expansion 
also has a negative effect on all four groups of birds (Supplementary 
Tables 4 and 5). On average, the effect of a 1% increase in crop-
land acreage is a decrease in grassland bird population ranging 
from 1.4% to 3.5% across the various regressions estimated when 
evaluated at the sample means (see the elasticities in the final row 
of Supplementary Tables 4, 5 and 18–21). The corresponding nega-
tive effects on insectivorous birds range from 1.7% to 3.2%. The 
expansion of cropland also has negative and statistically significant 
impacts on the species richness of both grassland birds and insectiv-
orous birds. On average, a 1% increase in cropland acreage decreases 
the species richness of grassland birds by about 0.7% to 1.2% and 
of insectivorous birds by 0.4% across the specifications estimated. 
Our finding of the effects of land cover on species richness is com-
parable to some previous results that also show that a 1% increase 
in high-input but low-diversity crops (corn and soybeans) in the 
Midwest contributes to a decline of 0.55% to 0.77% in total avian 
species richness23. We also find that the species evenness of grass-
land birds decreases by 0.8% to 1.1% in response to a 1% increase 
in cropland. However, we do not find that insectivorous bird species 
evenness is responsive to cropland acreage. The negative effect of a 

1% increase in cropland acreage on non-grassland bird population 
ranges from 0.8% to 2.1% on average across the various regressions 
estimated when evaluated at the sample means. The corresponding 
negative effects on non-insectivorous birds range from 0.6% to 2.1%. 
We do not find that non-grassland bird and non-insectivorous bird 
species richness and evenness are responsive to cropland acreage.

Crop-reporting-district-level analysis. We find that the effects of 
neonicotinoid use on the four groups of bird species are robust to 
aggregation of the data to the crop reporting district level (see the 
lower panels of Tables 1 and 2 and Supplementary Tables 9–16). For 
comparability with the county-level results in the upper panels in 
Tables 1 and 2, we again report the percentage impact of a 100 kg 
increase in pesticide use in a county on bird diversity measures in 
the county on the basis of regression results obtained from aggre-
gated data at the crop reporting district level. We find that the sign 
and significance of the effect of neonicotinoids are the same as those 
obtained from regressions estimated using county-level data, and 
that the magnitude of the effect is also generally similar.

Dynamic effects of neonicotinoid use. Next, we estimate a 
dynamic panel data model using the generalized method of the 
moments-based Arellano–Bond estimator33 that includes a one-year 
lagged dependent variable as an explanatory variable. Since the 
inclusion of a lagged dependent variable as a regressor violates strict 
exogeneity, as the lagged dependent variable is necessarily corre-
lated with the idiosyncratic error term, we use further lags of the 
dependent variable as instruments for the one-year lagged depen-
dent variable. Tests for the identification of the instrumental vari-
ables are reported in Supplementary Table 22. We find that there 
is a positive and statistically significant coefficient of the lagged 
dependent variable in the specifications estimated. We also find 

Table 2 | impact of pesticide use on insectivorous bird and non-insectivorous bird biodiversity

% change in insectivorous bird diversity % change in non-insectivorous bird diversity

Population Species richness Shannon index Population Species richness Shannon index

Using county-level data

Due to 100 kg increase per county in:

Aggregate neonicotinoid use

 −1.6 ± 0.9% −0.08 ± 0.4% −0.1 ± 0.2% −1.5 ± 0.6% −0.5 ± 0.3% −0.07 ± 0.07%

Aggregate non-neonicotinoid use

 −0.03 ± 0.02% <0.01% <0.01% −0.03 ± 0.02% −0.01 ± 0.02% <0.01%

Aggregate pesticide use

 −0.03 ± 0.02% <0.01% <0.01% −0.03 ± 0.01% −0.01 ± 0.01% <0.01%

Toxicity-weighted neonicotinoid use (normalized to the most toxic chemical)

 −3.8 ± 2.2% −0.2 ± 0.9% −0.2 ± 0.5% −3.5 ± 1.4% −1.1 ± 0.6% −0.2 ± 0.2%

Using crop-reporting-district-level data

Due to 100 kg increase per county in:

Aggregate neonicotinoid use

 −2.3 ± 0.9% −0.03 ± 0.09% −0.01 ± 0.04% −2.0 ± 0.8% −0.08 ± 0.07% <0.01%

Aggregate non-neonicotinoid use

 −0.04 ± 0.02% <0.01% <0.01% −0.04 ± 0.02% <0.01% <0.01%

Aggregate pesticide use

 −0.04 ± 0.02% <0.01% <0.01% −0.04 ± 0.02% <0.01% <0.01%

Toxicity-weighted neonicotinoid use (normalized to the most toxic chemical)

 −5.5 ± 2.3% −0.08 ± 0.21% −0.02 ± 0.09% −4.9 ± 1.9% −0.2 ± 0.2% <0.01%

Numbers after ± specify the 95% confidence intervals. For the crop reporting district results, we report the percentage changes using the county-level mean values of biodiversity measures for the 
convenience of comparison.
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a negative and statistically significant effect of neonicotinoids on 
populations and other biodiversity measures of all four groups of 
bird species. The presence of the lagged dependent variable implies 
that the reduction in bird populations due to neonicotinoid use in 
one year affects the populations of birds in the following years as 
well (although at a diminishing rate), as shown in Fig. 2a,b. In the 
case of grassland birds, a 100 kg increase in neonicotinoid use per 
county in 2008 reduces the population of birds by almost 4% that 
year and cumulatively by 9.7% over the 2008–2014 period. The 
corresponding estimates for insectivorous birds are 2% and 4.2%, 
respectively. The effects on non-grassland and non-insectivorous 
birds are smaller, with a concurrent effect of 1% and a cumulative 
effect of 2%.

Effects of neonicotinoid use from 2008 to 2014 across the United 
States. We use the estimated parameters from the static and the 
dynamic regression analyses to quantify the effects of neonicotinoid 
use on birds both temporally and spatially across the United States 
from 2008 to 2014. The sample data plotted in Fig. 3 show that the 
populations of grassland birds, non-grassland birds, insectivorous 
birds and non-insectivorous birds have declined by 10%, 14%, 9% 
and 9%, respectively, over this period. The annual predicted values 

of the four groups obtained from the static model are very close to 
the observed data. Although the fit of the predicted values obtained 
from the Arellano–Bond estimator is not as good as that of the lin-
ear fixed-effect model, the divergence between the predicted and 
observed values is small (by 2–6% in 2011–2013 across the various 
groups of bird species); an exception to this is in the case of grass-
land birds, where the predicted values diverge from the observed 
data by 12–14% in 2011–2013.

We find that on average the increase in neonicotinoid use over 
this period results in annual decreases of 4% and 3% in grass-
land bird and insectivorous bird populations, respectively, on the 
basis of the coefficients obtained in the static models reported in 
Supplementary Tables 4 and 5. The corresponding estimates from 
the dynamic models are 12% and 5% for grassland bird and insec-
tivorous bird populations, respectively. The average annual reduc-
tion in non-grassland and non-insectivorous bird populations due 
to neonicotinoid use is much smaller at about 2% and is the same in 
both the static and the dynamic models.

We find considerable spatial heterogeneity in the magnitude of 
the decreases in bird populations due to neonicotinoid use from 
2008 to 2014. The adverse impacts on bird populations are concen-
trated in the Midwest, Southern California and the Northern Great 
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Plains (Fig. 4). Among the 1,491 counties in our grassland bird 
sample, 55% of them have a decrease in bird population of more 
than 10% due to neonicotinoid use by 2014 compared with 2008. 
For insectivorous birds, 35% of the 1,739 sampled counties have a 
decrease in bird population of more than 10%. We do find a few 
counties in the northeastern and western United States where the 
use of neonicotinoids decreased over this period, leading to a small 
positive impact on bird populations.

Discussion
Bird biodiversity has undergone a substantial decline in the United 
States over the past four decades, with land use implicated as a 
major factor4. Recent studies quantify the amount of the decline3, 
but empirical evidence on reasons for the decline is limited and 
pre-dates the expansion of neonicotinoid use. Recent experimen-
tal evidence indicates that neonicotinoids impair the biological 
functions of various bird species21–23. Epidemiological studies have 
used the Bradford Hill criteria24 to establish the cause–consequence  
relationships from experimental and observed information  
and make expert judgements on the verity of these relationships. 
While this approach can provide support for hypothesizing a cause–
consequence relationship, gaps in the available experimental infor-
mation can limit the extent to which these criteria can be used to 

conclude a causal effect and rule out circumstantial evidence, as 
in the case of the application of these criteria to conclude a causal 
effect of neonicotinoids on honeybees34. Our study relies on a rich 
panel dataset on neonicotinoids and bird populations to statisti-
cally isolate the effects of neonicotinoid use on bird biodiversity 
while controlling for the effects of other observed and unobserved  
confounding factors.

We find a negative and statistically significant impact of neonic-
otinoid use on the four groups of bird species examined here, with 
the effect being relatively larger for grassland bird and insectivo-
rous bird populations. The average impact of a 100 kg increase in 
neonicotinoid use per county from 2008 to 2014 on grassland bird 
populations from the static model was 4% and on insectivorous bird 
populations was 3%. We also find that neonicotinoid use decreased 
species richness and diversity. These effects are substantially larger 
when the persistent effects of neonicotinoids on bird populations 
are considered through their reducing the number of birds left to 
reproduce. After incorporating this dynamic effect, we find that the 
average annual effect of neonicotinoids on grassland birds is 12% 
and on insectivorous birds is 5%.

The present study provides considerable evidence of the ecologi-
cal risks of neonicotinoid insecticides to bird biodiversity, with par-
ticularly large negative effects on grassland and insectivorous bird 
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biodiversity. These adverse effects of neonicotinoids could emanate 
both directly from the consumption of coated crop seeds and indi-
rectly from disruptions of the food supply for birds by affecting 
the insect populations on which they feed and by decimating the 
population of birds that can reproduce in the future. These indirect 
effects are difficult to identify via experiments. Therefore, by using 
a national-level dataset, the present study complements studies that 
employ a laboratory or field experiment approach to examine the 
impact of pesticides on biodiversity. This research provides compel-
ling support for the re-evaluation of policies permitting the use of 
neonicotinoids by the US Environmental Protection Agency35, par-
ticularly around bird habitats.

Methods
Our empirical analysis tests the hypothesis that neonicotinoid use leads to a reduction 
in bird biodiversity. In epidemiological studies, causality is established using nine 
criteria put forth by Bradford Hill24. Numerous studies have provided evidence 
that several of these nine criteria are met when examining the causal relationship 
between neonicotinoid use and decreases in bird biodiversity. For instance, studies 
provided experimental evidence that neonicotinoids harm the migratory ability of 
white-crowned sparrow21,22. Results from experiments show that neonicotinoids 
have detrimental impacts on the thyroid of red munia and hence negatively affect 
their breeding23. These studies provide direct experimental evidence regarding the 
toxicity of neonicotinoids to birds, satisfying the experimental evidence criterion. 
In these experimental studies, the results show that larger doses of neonicotinoids 
cause more negative impacts, which supports the biological gradient criterion. 
Moreover, many studies show that neonicotinoids are toxic to non-targeted species17,36. 
Therefore, the claim that neonicotinoids are toxic to birds does not contradict any 
existing knowledge, which meets the coherence criterion and supports the plausibility 
criterion. The analogy criterion is met by the existing findings19 that show that 
neonicotinoid use is associated with declines in insectivorous birds. On the basis of 
these studies, we specify the following regression models to estimate the causal effects 
of neonicotinoid use on bird biodiversity.

Empirical models. We first employ a fixed-effects panel data estimator to quantify 
the impact of pesticide use on birds. The reduced-form regression model for 
each bird biodiversity measure (that is, population, species richness and species 
evenness) is specified as follows:

yit ¼ b0 þ b1pit þ b2kit þ b3cit þ si þ uit ð1Þ

where y represents a biodiversity measure of grassland birds or insectivorous 
birds, p is pesticide use, k is the land-cover vector including cropland acreage and 
developed land acreage, c is a vector of other controls such as human population 
density and climate variables (including the monthly mean temperature and 
monthly precipitation over the breeding season (March to June) as well as the 
winter before the breeding season (January and the immediate past December)), 
s is the county fixed effects to control for time-invariant factors such as the 
geographical location and soil quality of a county, and u is the error term, which 
does not assume any specific distributional form. The subscript i stands for the 
county and t for the year.

We use cropland area as a measure of land cover that can affect bird biodiversity. 
While disturbance in land cover threatens the habitat suitability for grassland birds 
and negatively affects the bird population, cropland under hay and small grains 
can also provide nesting habitats for grassland birds or provide food sources for 
insectivorous birds37. Therefore, the effect of cropland expansion on bird population 
and species is an empirical question. We also include developed land area in the 
regression models, since it may be another source of neonicotinoid contamination38. 
Apart from the land-cover and pesticide-use variables, we include the monthly 
mean temperature and monthly precipitation from April to June because these three 
months are the breeding season for most of the grassland birds and insectivorous 
birds. The mean temperature in the breeding season is expected to be positively 
correlated with the abundance of grassland birds, while an increase in precipitation 
might disturb the breeding of grassland birds27. In addition, since harsh winter 
conditions are likely to affect birds in various ways, we include precipitation and 
mean temperature in January and in the immediate past December28. We also 
control for human population density in the regression analysis, because we expect 
that human population density is negatively correlated with bird biodiversity39.

Two major statistical issues need to be addressed when estimating the model. 
The first is the endogeneity of pesticide use, because it might be correlated with 
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Fig. 4 | Changes in bird populations due to neonicotinoid use from 2008 to 2014. We use the following formula to calculate the change in bird population 
due to neonicotinoid use from 2008 to 2014 for county i: (neonicotinoid usei,2014 − neonicotinoid usei,2008) × (neonicotinoid use coefficient)/(bird 
populationi,2008) × 100%.
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unobserved factors (for example, plant–insect interactions) that may affect bird 
biodiversity. We employ the pesticide price index as an instrumental variable 
for pesticide use; this is a valid instrumental variable because it is correlated 
with pesticide use but does not directly affect bird abundance. A meta-analysis 
confirms negative and significant own-price elasticities of demand for pesticides40. 
One might be concerned that the pesticide price index may influence birds via 
affecting farmer’s crop choices, as crop rotation and mixing are common tools 
to manage insect pests41. However, since pesticide expenditure accounts for only 
5–15% of the total production costs, pesticide price should not be a major driver 
of changes in crop mix42. After controlling for land use and county fixed effects, 
we do not anticipate any direct effect of the pesticide price index on unobserved 
and time-varying factors that affect bird populations. We therefore believe that the 
pesticide price index is a valid instrument.

The second statistical issue is that land-use changes and bird populations 
are likely to be affected by unobservable landscape changes and plant–insect 
interactions across counties, resulting in biased estimates of the regression 
coefficients. To address this issue, we use one-year lagged fertilizer price index as 
the instrumental variable to identify the effects of cropland acreage. Fertilizer is 
an important input for agricultural production, and fertilizer price can affect crop 
acreage decisions by affecting the net returns from crop production and the relative 
returns of various crops43,44. The USDA agricultural commodity cost and return 
data show that fertilizer expenditure makes up about 29% of the total operating 
costs for all major field crops and 37% of corn operating costs in the United 
States41. One concern is that fertilizer prices are likely to affect bird populations 
through fertilizer application, which is not controlled for in the regression, 
because fertilizer may affect birds via affecting plants and insects. However, there 
is no evidence of direct effects of fertilizer use on bird populations45,46; in fact, 
researchers have found no substantial impact of fertilizer uses on grassland birds in 
central Hungary47. It is therefore reasonable to believe that the fertilizer price index 
affects birds only through land coverage.

In the key models, we report the Cragg–Donald Wald F test statistic and 
the Kleibergen–Paap rk Wald F statistic for testing weak instruments for all the 
specifications using instrumental variables. We find that all the weak-instrument 
test statistics of the fixed-effect and instrumental-variable models are greater 
than the rule of thumb of ten, rejecting the null hypothesis that the excluded 
instruments are weakly correlated with the endogenous variables48.

As a robustness check for our key model in equation (1) for species richness, 
we also specify a fixed-effect Poisson regression model49:

yit ¼ exp b0 þ b1pit þ b2kit þ b3cit þ sið Þuit ð2Þ

where yit, conditional on the regressors, has a Poisson distribution. We did not 
employ negative binomial models because the negative binomial models cannot 
effectively control for fixed effects50,51.

We also used the Arellano–Bond estimator for dynamic panel data models 
including lagged bird population, specified as follows:

yit ¼ b0 þ b1yi;t�1 þ b2pit þ b2kit þ b4cit þ si þ uit ð3Þ

The estimator then uses the level or difference of further lagged dependent 
variables as instruments of the lagged dependent variables33. We use the same 
instrumental variables (pesticide price index and lagged fertilizer price index) 
for pesticide use and cropland acreage. For each bird group sample, we reject the 
first-order autocorrelation null hypothesis and cannot reject the second-order 
auto-correlation null hypothesis at 5%, indicating that the error term in equation 
(3) is not autocorrelated. Moreover, all four specifications passed the Hansen test of 
overidentification restrictions.

Data. All the data we use in the analysis are from publicly available sources, and 
the summary statistics are presented in Supplementary Table 2.

Bird data. We obtain the number of grassland birds by species from 2008 to 
2014 from the BBS maintained by the Patuxent Wildlife Research Center of the 
USGS (ref. 52). We identified 29 grassland bird species and 36 insectivorous bird 
species, following previous studies53,54 (Supplementary Table 1). The BBS is usually 
conducted in June, and participants skilled in avian identification collect bird 
population data along survey routes. See Supplementary Fig. 1 for the geographical 
distribution of these survey routes in the contiguous United States. There are over 
4,100 survey routes in the United States and Canada, and each survey route is 
about 24.5 miles long with stops at 0.5-mile intervals. At each stop, a participant 
conducts a three-minute count, recording all birds heard or seen within a 
400-meter radius around the stop.

Bird population abundance is calculated by aggregating the bird count of 
a group of birds (for example, grassland birds) observed along a survey route. 
Species richness is measured by the total number of species observed around a 
route. Species evenness is measured using the Shannon index, which is calculated 
by �P

j aj ln ðajÞ
I

, where aj is the proportion of the jth species population over the 
total population of all the species within a species group. Note that the Shannon 
index is nonlinear in both bird population and number of species55.

The county-level data were aggregated from all the survey routes in a county 
on the basis of the route geo-locations provided by the BBS (Supplementary 
Fig. 1). If a survey route spans two or more counties, we multiply the number of 
birds observed at each route by the share of the route length within a county to 
calculate the bird count from this route for the county. The panel is unbalanced 
because not all routes are surveyed each year. Note that this aggregation may cause 
measurement error in the county-level data because some routes might not be 
observed in some years. However, as long as the measurement error is independent 
of the bird count data, which is probably the case with the BBS data because 
the data collection largely relies on the (random) availability of volunteer bird 
observers, it will not bias the estimated coefficients.

Explanatory variables and instrumental variables. The county-level agricultural 
pesticide use data are obtained from the USGS Pesticide National Synthesis 
Project29. The dataset reports the aggregate annual mass applied for each 
neonicotinoid active ingredient, including acetamiprid, clothianidin, imidacloprid, 
dinotefuran, thiacloprid and thiamethoxam. Since the USGS stopped reporting 
seed treatment applications of pesticide use in 2015 (ref. 29), we limit our sample 
up to 2014 for consistency. For every county (excluding those in California), the 
data include values of active ingredients under EPest-low and EPest-high, which 
differ in their ways of treating missing values in pesticide–crop combinations. 
Specifically, EPest-low treats the missing values as zero, while EPest-high 
extrapolates the values from neighbouring crop reporting districts. We use the 
EPest-high values in the main results because there are fewer missing observations. 
For counties in California, the EPest-low and EPest-high values are the same 
because the county total pesticide uses are directly obtained from the California 
Department of Pesticide Regulation’s Pesticide Use Report database31. For aggregate 
pesticide use and non-neonicotinoid pesticides, we aggregate all 423 and 417 types 
of pesticide uses, respectively, in each county in each year from 2008 to 2014.

Because not every neonicotinoid ingredient has the same toxicity, we construct 
the toxicity-weighted neonicotinoid use on the basis of the neonicotinoid bird toxicity 
range (LD50, or median lethal dose) from the University of Florida Institute of Food 
and Agricultural Sciences website56. The median lethal dose is defined as the ratio of 
the weight of the neonicotinoid ingredient to the body weight of the dosed animal 
(mg kg−1), for a 50% mortality rate. Since the toxicity is given in a range of lethal doses, 
we take the middle point of the range and normalize neonicotinoid use to the most 
toxic neonicotinoid ingredient equivalence quantity (see Supplementary Table 3 for 
the detailed ranges and weights). We weight the county-level use using the inverse of 
the toxicity value for each neonicotinoid active ingredient.

The areas of cropland and developed land within each county from 2008 
to 2014 are constructed from the CDL provided by the NASS of the USDA 
(ref. 57). We aggregate CDL land areas under the categories of row crops, 
vegetables and tree crops to the county level. Monthly precipitation and mean 
temperature data between 2008 and 2014 at the county level are obtained from the 
Parameter-Elevation Regression on Independent Slopes Model (PRISM) provided 
by Oregon State University58. County-specific human population density data 
from 2008 to 2014 were obtained from the Population and Housing Unit Estimates 
Datasets of the US Census Bureau59. The annual national-level fertilizer price index 
from 2008 to 2014 is obtained from the USDA Economic Research Service data 
service product60. The annual pesticide price index is from the NASS of the USDA.

Data availability
All data compiled for this study are publicly available and are available at https://
github.com/jewelli/Neonics-birds to replicate the findings in this manuscript. 
Source data are provided with this paper.

Code availability
The code to replicate all the regression analyses is available at https://github.com/
jewelli/Neonics-birds.

Received: 20 November 2019; Accepted: 9 June 2020;  
Published online: 10 August 2020

References
 1. Brennan, L. A. & Kuvlesky, W. P. North American grassland birds: an 

unfolding conservation crisis? J. Wildl. Manage. 69, 1–13 (2005).
 2. Rice, J. et al. (eds) Summary for Policymakers of the Regional Assessment 

Report on Biodiversity and Ecosystem Services for the Americas of the 
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem 
Services (IPBES Secretariat, 2018).

 3. Rosenberg, K. V. et al. Decline of the North American avifauna. Science 366, 
120–124 (2019).

 4. Sauer, J. R., Link, W. A., Fallon, J. E., Pardieck, K. L. & Ziolkowski, D. J. The 
North American breeding bird survey 1966–2011: summary analysis and 
species accounts. N. Am. Fauna 79, 1–32 (2013).

 5. DiBartolomeis, M., Kegley, S., Mineau, P., Radford, R. & Klein, K. An 
assessment of acute insecticide toxicity loading (AITL) of chemical pesticides 
used on agricultural land in the United States. PLoS ONE 14, e0220029 (2019).

NatURe SUStaiNabiLitY | VOL 3 | DECEmbER 2020 | 1027–1035 | www.nature.com/natsustain1034

https://github.com/jewelli/Neonics-birds
https://github.com/jewelli/Neonics-birds
https://github.com/jewelli/Neonics-birds
https://github.com/jewelli/Neonics-birds
http://www.nature.com/natsustain


ArticlesNaTUre SUSTaiNabiliTy

 6. Riffell, S., Scognamillo, D. & Burger, L. W. Effects of the conservation reserve 
program on northern bobwhite and grassland birds. Environ. Monit. Assess. 
146, 309–323 (2008).

 7. Ay, J. S., Chakir, R., Doyen, L., Jiguet, F. & Leadley, P. Integrated models, 
scenarios and dynamics of climate, land use and common birds. Clim. 
Change 126, 13–30 (2014).

 8. Forister, M. L. et al. Increasing neonicotinoid use and the declining butterfly 
fauna of lowland California. Biol. Lett. 12, 20160475 (2016).

 9. Hurley, T. & Mitchell, P. Value of neonicotinoid seed treatments to US 
soybean farmers. Pest Manage. Sci. 73, 102–112 (2017).

 10. Whitehorn, P. R., O’Connor, S., Wackers, F. L. & Goulson, D. Neonicotinoid 
pesticide reduces bumble bee colony growth and queen production. Science 
336, 351–352 (2012).

 11. Rundlöf, M. et al. Seed coating with a neonicotinoid insecticide negatively 
affects wild bees. Nature 521, 77–80 (2015).

 12. Woodcock, B. A. et al. Country-specific effects of neonicotinoid pesticides on 
honey bees and wild bees. Science 356, 1393–1395 (2017).

 13. Tsvetkov, N. et al. Chronic exposure to neonicotinoids reduces honey bee 
health near corn crops. Science 356, 1395–1397 (2017).

 14. Gilburn, A. S. et al. Are neonicotinoid insecticides driving declines of 
widespread butterflies? PeerJ 3, e1402 (2015).

 15. Morrissey, C. A. et al. Neonicotinoid contamination of global surface waters 
and associated risk to aquatic invertebrates: a review. Environ. Int. 74, 
291–303 (2015).

 16. Van Dijk, T. C., Van Staalduinen, M. A. & Van der Sluijs, J. P. 
Macro-invertebrate decline in surface water polluted with imidacloprid. PLoS 
ONE 8, e62374 (2013).

 17. Mineau, P. & Palmer, C. The Impact of the Nation’s Most Widely Used 
Insecticides on Birds (American Bird Conservancy, 2013).

 18. Cimino, A. M., Boyles, A. L., Thayer, K. A. & Perry, M. J. Effects of 
neonicotinoid pesticide exposure on human health: a systematic review. 
Environ. Health Perspect. 125, 155–162 (2016).

 19. Hallmann, C. A., Foppen, R. P. B., Van Turnhout, C. A. M., De Kroon, H. & 
Jongejans, E. Declines in insectivorous birds are associated with high 
neonicotinoid concentrations. Nature 511, 341–343 (2014).

 20. EFED Section 3 Registration for a Clothianidin and Beta-Cyfluthrin 
Combination Product for Use on Sugar Beets as a Seed Treatment (USEPA, 
2007); https://go.nature.com/32DaXPU

 21. Eng, M. L., Stutchbury, B. J. M. & Morrissey, C. A. Imidacloprid and 
chlorpyrifos insecticides impair migratory ability in a seed-eating songbird. 
Sci. Rep. 7, 15176 (2017).

 22. Eng, M. L., Stutchbury, B. J. M. & Morrissey, C. A. A neonicotinoid 
insecticide reduces fueling and delays migration in songbirds. Science 365, 
1177–1180 (2019).

 23. Pandey, S. P. & Mohanty, B. The neonicotinoid pesticide imidacloprid and the 
dithiocarbamate fungicide mancozeb disrupt the pituitary–thyroid axis of a 
wildlife bird. Chemosphere 122, 227–234 (2015).

 24. Hill, A. B. The environment and disease: association or causation? Proc. R. 
Soc. Med. 58, 295–300 (1965).

 25. Meehan, T. D., Hurlbert, A. H. & Gratton, C. Bird communities in future 
bioenergy landscapes of the upper Midwest. Proc. Natl Acad. Sci. USA 107, 
18533–18538 (2010).

 26. Evans, S. G. & Potts, M. D. Effect of agricultural commodity prices on species 
abundance of US grassland birds. Environ. Resour. Econ. 62, 549–565 (2015).

 27. Illán, J. G. et al. Precipitation and winter temperature predict long-term 
range-scale abundance changes in western North American birds. Glob. 
Change Biol. 20, 3351–3364 (2014).

 28. Davey, C. M., Chamberlain, D. E., Newson, S. E., Noble, D. G. & Johnston, A. 
Rise of the generalists: evidence for climate driven homogenization in avian 
communities. Glob. Ecol. Biogeogr. 21, 568–578 (2012).

 29. National Water-Quality Assessment Project—Pesticide National Synthesis 
Project (USGS, 2018); https://water.usgs.gov/nawqa/pnsp/usage/maps/
county-level/

 30. Conley, T. G. GMM estimation with cross-sectional dependence. J. Econ. 92, 
1–45 (1999).

 31. Baker, N. T. & Wesley, W. S. Estimated Annual Agricultural Pesticide Use for 
Counties of the Conterminous United States, 2008–12 (US Department of the 
Interior, USGS, 2014).

 32. Zeileis, A., Kleiber, C. & Jackman, S. Regression models for count data in R. 
J. Stat. Softw. 27, 1–25 (2008).

 33. Arellano, M. & Bond, S. Some tests of specification for panel data: Monte 
Carlo evidence and an application to employment equations. Rev. Econ. Stud. 
58, 277–297 (1991).

 34. Cresswell, J. E. A meta-analysis of experiments testing the effects of a 
neonicotinoid insecticide (imidacloprid) on honey bees. Ecotoxicology 20, 
149–157 (2011).

 35. Heller, M. Bill aims to ban pesticides harmful to bees. E&E News (21 
February 2019); https://www.eenews.net/eenewspm/2019/02/21/
stories/1060121799

 36. Zeng, G., Chen, M. & Zeng, Z. Risks of neonicotinoid pesticides. Science 340, 
1403 (2013).

 37. Grassland Birds (USDA-NRCS, Wildlife Habitat Council, 1999); ftp://ftp-fc.
sc.egov.usda.gov/WHMI/WEB/pdf/GRASS1.pdf

 38. Hladik, M. L. & Kolpin, D. W. First national-scale reconnaissance of 
neonicotinoid insecticides in streams across the USA. Environ. Chem. 13, 
12–20 (2016).

 39. Loss, S. R., Will, T. & Marra, P. P. Direct mortality of birds from 
anthropogenic causes. Annu. Rev. Ecol. Evol. Syst. 46, 99–120 (2015).

 40. Böcker, T. G. & Finger, R. A meta-analysis on the elasticity of demand for 
pesticides. J. Agric. Econ. 68, 518–533 (2017).

 41. Fernandez-Cornejo, J. & Jans, S. Pest Management in US Agriculture Report 
No. 717 (USDA ERS, 1999).

 42. Commodity Costs and Returns (USDA ERS, 2018); https://www.ers.usda.gov/
data-products/commodity-costs-and-returns/

 43. Li, Y., Miao, R. & Khanna, M. Effects of ethanol plant proximity and crop 
prices on land-use change in the United States. Am. J. Agric. Econ. 101, 
467–491 (2019).

 44. Wang, T. et al. Determinants of motives for land use decisions at the margins 
of the Corn Belt. Ecol. Econ. 134, 227–237 (2017).

 45. Chamberlain, D. E., Fuller, R. J., Bunce, R. G. H., Duckworth, J. C. & Shrubb, 
M. Changes in the abundance of farmland birds in relation to the timing of 
agricultural intensification in England and Wales. J. Appl. Ecol. 37, 771–788 
(2000).

 46. Atkinson, P. W., Buckingham, D. & Morris, A. J. What factors determine 
where invertebrate-feeding birds forage in dry agricultural grasslands? Ibis 
146, 99–107 (2004).

 47. Kovács-Hostyánszki, A., Batáry, P., Peach, W. J. & Báldi, A. Effects of fertilizer 
application on summer usage of cereal fields by farmland birds in central 
Hungary. Bird Study 58, 330–337 (2011).

 48. Stock, J. H. & Yogo, M. in Identification and Inference for Econometric Models: 
Essays in Honor of Thomas J. Rothenberg (eds Stock, J. H. & Andrews, D. W. 
K.) 80–108 (Cambridge Univ. Press, 2005).

 49. Windmeijer, F. Moment conditions for fixed effects count data models with 
endogenous regressors. Econ. Lett. 68, 21–24 (2000).

 50. Allison, P. D. & Waterman, R. P. Fixed-effects negative binomial regression 
models. Sociol. Methodol. 32, 247–265 (2002).

 51. Guimarães, P. The fixed effects negative binomial model revisited. Econ. Lett. 
99, 63–66 (2008).

 52. North American Breeding Bird Survey Dataset 1966–2018 (USGS Patuxent 
Wildlife Research Center, 2018); https://doi.org/10.5066/P9HE8XYJ

 53. Peterjohn, B. G. & Sauer, J. R. North American breeding bird survey annual 
summary 1990–1991. Bird Popul. 1, 52–67 (1993).

 54. Smith, A. C., Anne, M., Hudson, R., Downes, C. M. & Francis, C. M. Change 
points in the population trends of aerial–insectivorous birds in North 
America: synchronized in time across species and regions. PLoS ONE 10, 
e013076 (2015).

 55. Jost, L. Entropy and diversity. Oikos 113, 363–375 (2006).
 56. Fishel, F. Pesticide Toxicity Profile: Neonicotinoid Pesticides (Univ. of Florida, 

IFAS, 2016); https://edis.ifas.ufl.edu/pi117
 57. Cropland Data Layer (USDA-NASS, 2020); http://nassgeodata.gmu.edu/

CropScape/
 58. Parameter-Elevation Regression on Independent Slopes Model (PRISM) Climate 

Group (Oregon State Univ., 2018); http://prism.oregonstate.edu
 59. Population and Housing Unit Estimates Datasets (US Census Bureau, 2018); 

https://www.census.gov/programs-surveys/popest/data.html
 60. Fertilizer Use and Price (USDA ERS, 2018); https://www.ers.usda.gov/

data-products/fertilizer-use-and-price/

acknowledgements
We thank NIFA, USDA for hatch funding for this research. We also thank J. Tooker for 
helpful insights on the ways in which neonicotinoid use impact various organisms.

author contributions
All authors contributed to the design of the empirical methods and the writing of the 
manuscript. Y.L. collected the data and conducted the regression analysis.

Competing interests
The authors declare no competing interests.

additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41893-020-0582-x.

Correspondence and requests for materials should be addressed to M.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2020

NatURe SUStaiNabiLitY | VOL 3 | DECEmbER 2020 | 1027–1035 | www.nature.com/natsustain 1035

https://go.nature.com/32DaXPU
https://water.usgs.gov/nawqa/pnsp/usage/maps/county-level/
https://water.usgs.gov/nawqa/pnsp/usage/maps/county-level/
https://www.eenews.net/eenewspm/2019/02/21/stories/1060121799
https://www.eenews.net/eenewspm/2019/02/21/stories/1060121799
ftp://ftp-fc.sc.egov.usda.gov/WHMI/WEB/pdf/GRASS1.pdf
ftp://ftp-fc.sc.egov.usda.gov/WHMI/WEB/pdf/GRASS1.pdf
https://www.ers.usda.gov/data-products/commodity-costs-and-returns/
https://www.ers.usda.gov/data-products/commodity-costs-and-returns/
https://doi.org/10.5066/P9HE8XYJ
https://edis.ifas.ufl.edu/pi117
http://nassgeodata.gmu.edu/CropScape/
http://nassgeodata.gmu.edu/CropScape/
http://prism.oregonstate.edu
https://www.census.gov/programs-surveys/popest/data.html
https://www.ers.usda.gov/data-products/fertilizer-use-and-price/
https://www.ers.usda.gov/data-products/fertilizer-use-and-price/
https://doi.org/10.1038/s41893-020-0582-x
https://doi.org/10.1038/s41893-020-0582-x
http://www.nature.com/reprints
http://www.nature.com/natsustain

	Neonicotinoids and decline in bird biodiversity in the United States
	Results
	Static effects of pesticide use. 
	Impact of cropland expansion. 
	Crop-reporting-district-level analysis. 
	Dynamic effects of neonicotinoid use. 
	Effects of neonicotinoid use from 2008 to 2014 across the United States. 

	Discussion
	Methods
	Empirical models
	Data
	Bird data
	Explanatory variables and instrumental variables


	Acknowledgements
	Fig. 1 Trends in total pesticide use in the United States.
	Fig. 2 Dynamic effects on bird population due to to a 100 kg increase of neonicotinoid use in 2008.
	Fig. 3 Predicted changes in bird populations due to an increase in neonicotinoid use and the observed bird populations in the United States from 2008 to 2014.
	Fig. 4 Changes in bird populations due to neonicotinoid use from 2008 to 2014.
	Table 1 Impact of pesticide use on grassland bird and non-grassland bird biodiversity.
	Table 2 Impact of pesticide use on insectivorous bird and non-insectivorous bird biodiversity.




