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Neonicotinoids = a class of insecticides
Nerve toxins inspired by nicotine
First U.S. registration: 1992
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Neonicotinoids = a class of insecticides
Nerve toxins inspired by nicotine
First U.S. registration: 1992



Toxicity of neonics to honey bees 
(amount to kill 50% of bees, in nanograms)

Neonicotinoid Oral exposure Contact exposure

Thiamethoxam 5 24

Clothianidin 4 43.9

Imidacloprid 3.7 59.7

Acetamiprid 14,530 8090

Thiacloprid 17,320 38,800

Krupke & Long (2015) Current Opinion in Insect Science



Mode of action of neonicotinoids

Mimic neurotransmitters
 Bind to insect nicotinic receptor (weaker affinity 
 for mammals receptors)

Network of nerves



Neonicotinoids

Trade name

Admire

Advantage

Assail 

Confidor 

Cruiser

Gaucho

Merit

Poncho

Premise

Provado

Trimax

Venom

Wide variety of uses, for example:

Use

fruits, veggies

pets

fruits, veggies, cotton

home & garden

seed treatment

seed treatment

turf

seed treatment

termites

fruits, veggies, field crops

veggies 

veggies and grapes
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Douglas & Tooker – Neonicotinoid use patterns in the U.S. 
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FIGURES 

   

Figure 1. Neonicotinoid sales by product type (a), and use by crop (b) and active ingredient (c), 

from 1992 to 2011. Data on use (a) is based on sales data from Minnesota.30 Data on crops and 

active ingredients are for the entire U.S., from USGS (EPest-High estimate).4 Y-axes represent 

mass of neonicotinoid active ingredient in thousands or millions of kg.  
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Neonicotinoid insescticides

Inspired by natural compounds

Mostly used as seed coatings

Somewhat selective:

High toxicity to insects

Milder on spiders, mites

Putatively low toxicity to mammals

Unclear toxicity to birds, fish



Benefits of neonicotinoid seed treatments

Can protect yield from 2∘ pests

Targeted application: water soluble

Systemic activity for 2-3 weeks

Protect plants when they are young and vulnerable

Low mammalian toxicity (?)

 Less toxic to mammal than older classes of insecticides



Benefits of neonicotinoid seed treatments

Enthusiasm for them: 

• “[seed coats]…allow an environmentally safe and perfect protection

of young plants against insect attack.” (Jeschke al. 2011)

Originally, few perceived costs
• Little impact on natural enemies 



Neonicotinoid seed treatments

First introduced on corn:

• Imidacloprid (Gaucho) – 1995
• Thiamethoxam (Cruiser) – 2001
• Clothianidan (Poncho) – 2003

Corn: 0.25, 0.5, 1.25 mg per seed

Soybean: 0.07, 0.15 mg per seed



Benefits of neonicotinoid seed treatments



Limitations of neonicotinoid seed treatments

Yield benefits are inconsistent

Target 2∘ pests

Only 1-5% of active ingredients enter plants

Only protect plants for 2-3 weeks



Limitations of neonicotinoid seed treatments

Yield benefits are inconsistent

Target 2∘ pests

Only 1-5% of active ingredients enter plants

Only protect plants for 2-3 weeks

Water-soluble; sufficient rain can wash them away

Can pollute ground water

Can persist in soil (7–7000 days)

Non-target effects, but full range is unclear

May exacerbate some non-insect pest populations



Douglas and Tooker 2015



Douglas and Tooker 2015, Tooker et al. 2017

Mostly used as seed coatings





What do neonicotinoid seed treatments control?

Corn

(Aphids)

(Black cutworm)

Corn flea beetle 

Seed corn maggot 

White grub 

Wireworm 

Soybeans

(Aphids)

Bean leaf beetle

Leafhoppers

Seedcorn maggot 

White grubs

Wireworm



No yield benefit from neonic use

P = 0.863
N = 12

Soy yield, 2016 Corn Grain Yield, 2017

P = 0.651
N = 12

Yield,
Bu/ac

Control     Seed Coat   Pyrethroid Control     Seed Coat   Pyrethroid

Yield,
Bu/ac



Neonics do not stay in plants very longFig. 3: Recovery of clothianidin from corn plants grown from treated seed, A) shoots (µg Clothianidin g-1; root 
data are very similar and not shown, B) total amounts per plant and percent of original concentration applied to 
seeds.  Seeds were machine planted, field grown commercial hybrids treated with 250 ug kernel-1 

A B 

Little time to provide a difference

Data from corn plants





420  TRANSACTIONS OF THE ASABE 

et al., 2005). In the U.K., field-scale drainage plots (0.25 to 
1 ha) were established at two locations (Brimstone Farm and 
Rowden Moor experimental drainage site) and monitored to 
assess drainage impacts on yields and nutrient loss in runoff 
(Armstrong and Garwood, 1991; Cannell et al., 1984; Harris 
et al., 1984, Haygarth et al., 1998; Haygarth and Jarvis, 
1997; Preedy et al., 2001). Both research experiments in the 
U.K. were constructed to monitor surface layer flow, which 
includes movement of water across the soil surface com-
bined with interflow (shallow lateral flow) as well as deeper 
water movement through artificial drainage (mole and tile) 
at 55 to 90 cm. Although these plots were isolated with gut-
ters to contain surface runoff, subsurface flow was not al-
ways isolated (some plots were undrained). 

In the U.S., Bosch et al. (2005) described the develop-
ment of six 0.2 ha plots where surface and subsurface water 
was drained, and one 0.4 ha plot for companion rainfall sim-
ulation studies. The six plots were each surrounded by 
earthen berms for the partitioning of surface runoff to H 
flumes, and tile line installed at 1.2 m depth intercepted lat-
eral subsurface flow measured on HS flumes. Similar to the 
studies in the U.K., a low-permeability argillic horizon pro-
vided the limiting layer for deep percolation loss. While 
these plots provide an impressive setup for monitoring dif-
ferent management effects on surface runoff and subsurface 

flow, they only provide for three replications of two treat-
ments. 

We sought to develop a set of field-scale lysimeters that 
would enable replication of agricultural management treat-
ments to quantify impacts on hydrology and nutrient losses 
in runoff. In this article, we describe the design, implemen-
tation, and analysis of the overland and subsurface runoff 
monitoring systems. Trends in flow are used, in turn, to in-
form alternative experimental design that control for varia-
bility in the surface and subsurface flow between field ly-
simeters. 

MATERIALS AND METHODS 
SITE DESCRIPTION 

A total of 12 field lysimeters were established on a 
hillslope within the Pennsylvania State University Russell E. 
Larson Agricultural Research Center in spring and summer 
2010 (fig. 1a; 40.72° N, 77.92° W). Bedrock at the site is 
Bellefonte formation (Obf), characterized by medium-gray, 
brownish-weathering, medium-bedded dolomite and minor 
sandstone, very fine grained (Berg et al., 1980). The site had 
historically been under no-tillage corn-soybean-small grain 
production (approx. 15 years), with management typical of 
dairy production within the Northern Appalachian Ridges 

(a) (b) 

 
(c) 

Figure 1. (a) Location of field site in Chesapeake Bay watershed, (b) site layout including runoff collection houses, and (c) schematic profile of the 
berms and drainage infrastructure associated with each field lysimeter. 
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Neonic use correlates with bird declines in Netherlands

explanatory variables (see Supplementary Data), in addition to imida-
cloprid concentrations. These variables have been put forward frequently
as causal factors related to farmland bird declines19–21, although their major
effect may have already occurred earlier in the twentieth century. As imi-
dacloprid usage is likely to be related to horticulture and greenhouses4,
spatial changes in these variables may confound the effects of imida-
cloprid on bird trends. We therefore also incorporated changes in the
area of greenhouses and the area of flower bulb production in our ana-
lysis. The results indicate that the concentration of imidacloprid and
the changes in urban and natural areas were negatively correlated with
local population trends, whereas the changes in the bulb and fallow land
were positively correlated (Fig. 2). However, only imidacloprid and bulb
area were significantly correlated with local trends (Extended Data Table 2).

So far, the suggested potential risks of neonicotinoids for birds have
focused on the acute toxic effects caused by direct consumption8. Our
results suggest another possibility: that is, that the depletion of insect
food resources has caused the observed relationships. Two lines of evi-
dence seem to support this. First, 9 out of 15 species tested in the present
study are exclusively insectivorous. All 15 species feed their young (almost)
exclusively with invertebrates, and food demand is the highest in this
period. Adult skylarks, tree sparrows, common starlings, yellowham-
mers, meadow pipits and mistle thrushes are also granivorous to some
extent and may thus directly consume coated seed. However, meadow
pipits and mistle thrushes forage on seeds only outside the breeding
season, and for all 15 species the bulk of the diet during the breeding
season consists of invertebrates7. Second, recent in situ research involv-
ing the same areas as the present study revealed strong declines in insect
macrofauna, including species that have a larval stage in water, where
imidacloprid concentrations were elevated4. These insects (particularly
Diptera, Ephemeroptera, Odonata, Coleoptera and Hemiptera) are an
important food source in the breeding season for the bird species that
we investigated7. However, as our results are correlative, we cannot exclude
other trophic or direct ways in which imidacloprid may have an effect
on the bird population trends. Food resource depletion may not be the
only or even the most important cause of decline. Other possible causes
of decline include trophic accumulation of this neonicotinoid through

Table 1 | Effect of imidacloprid on insectivorous bird species population trends
Species Effect (mean) Error (s.e.m.) t value P n

Marsh warbler (Acrocephalus palustris) 0.0110 0.0187 0.5871 0.5584 105
Sedge warbler (Acrocephalus schoenobaenus) 20.0229 0.0152 21.5070 0.1351 99
Reed warbler (Acrocephalus scirpaceus) 20.0348 0.0145 22.3949 0.0180 138
Eurasian skylark (Alauda arvensis) 20.0684 0.0189 23.6164 0.0004* 125
Meadow pipit (Anthus pratensis) 20.0299 0.0184 21.6273 0.1053 200
Yellowhammer (Emberiza citrinella) 20.0385 0.0179 22.1578 0.0367 44
Icterine warbler (Hippolais icterina) 20.0705 0.0313 22.2501 0.0285 57
Barn swallow (Hirundo rustica) 20.2313 0.0544 24.2540 0.0007* 17
Yellow wagtail (Motacilla flava) 20.1255 0.0272 24.6145 0.0000* 124
Tree sparrow (Passer montanus) 20.1301 0.0815 21.5971 0.1211 31
Willow warbler (Phylloscopus trochilus) 20.0036 0.0094 20.3827 0.7025 154
Stonechat (Saxicola rubicola) 20.0279 0.0211 21.3241 0.1891 85
Common starling (Sturnus vulgaris) 20.1070 0.0315 23.3991 0.0013* 57
Common whitethroat (Sylvia communis) 20.0408 0.0125 23.2751 0.0013* 179
Mistle thrush (Turdus viscivorus) 20.1093 0.0277 23.9480 0.0003* 44

Effect of imidacloprid concentration on annual intrinsic rate of increase in individual insectivorous bird species populations in the Netherlands.
*Species whose population is significantly affected by imidacloprid, after Bonferroni correction.
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Figure 1 | Effect of imidacloprid on bird trends in the Netherlands.
a, Interpolated (universal kriging) mean logarithmic concentrations of
imidacloprid in the Netherlands (2003–2009). b, Relationship between the
average annual intrinsic rate of population increase over 15 passerine bird
species and imidacloprid concentrations in Dutch surface water. Each point
represents the average intrinsic rate of increase of a species over all plots in the
same concentration class, whereas the size of the point is scaled proportionally
to the number of species–plot combinations on which the calculated mean
is based. Binning into classes was performed to reduce scatter noise and aid in
visual interpretation. Actual analysis, and the depicted regression line,
was performed on raw data (n 5 1,459). The regression line is given by
0.1110 2 0.0374 (s.e.m. 5 0.0066) 3 log[imidacloprid] (P , 0.0001). Dashed
lines delineate the 95% confidence interval.
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Extended Data Figure 4 | Population trends as a function of imidacloprid
concentration per individual bird species. The red lines depict the weighted

mean trend, also given as slope coefficients (b) and with corresponding
P values.
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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 

Neonicotinoids and decline in bird biodiversity  
in the United States
Yijia Li! !1, Ruiqing Miao2 and Madhu Khanna! !1 ✉

Neonicotinoid insecticides are being widely used and have raised concerns about negative impacts on non-target organisms. 
However, there has been no large-scale, generalizable study on their impact on biodiversity of avian species in the United 
States. Here we show, using a rich dataset on breeding birds and pesticide use in the United States, that the increase in neonic-
otinoid use led to statistically significant reductions in bird biodiversity between 2008 and 2014 relative to a counterfactual 
without neonicotinoid use, particularly for grassland and insectivorous birds, with average annual rates of reduction of 4% and 
3%, respectively. The corresponding rates are even higher (12% and 5%, respectively) when the dynamic effects of bird popula-
tion declines on future population growth are considered. The effects of neonicotinoids on non-grassland and non-insectivorous 
birds are also statistically significant but smaller, with an average annual rate of reduction of 2% over this period.
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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 

Grassland bird population change due to
neonicotinoid use from 2008 to 2014

Non-grassland bird population change due to
neonicotinoid use from 2008 to 2014

Insectivorous bird population change due to
neonicotinoid use from 2008 to 2014

Non-insectivorous bird population change due to
neonicotinoid use from 2008 to 2014

Percentage change
<Ð50%
Ð10%ÐÐ50%
Ð5%Ð Ð10%
0%ÐÐ5%
No data
0%Ð5%
5%Ð10%
10%Ð50%
>50%

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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No-till in Mid-Atlantic Fields

Decreases labor, conserves soil, water…



No-till in Mid-Atlantic Fields

Decreases labor, conserves soil, water; increases slugs





Slugs can damage virtually all crops

Canola

Soybean

Corn

Alfalfa &
Sm. grains

~20% of no-till acreage loses yield (~600,000 acres)





More slugs in corn plots with neonic seed treatments

Neonic seed treatment
Untreated seed



Field data: Neonic seed treatments disrupted 
biological control

Douglas, Rohr & Tooker 2015 !"#$%&'(")(*++',-.(/0"'"12
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Neonics cause some problems…let’s use something else

This is an option

But all insecticides have downsides

But why not determine what needs to be controlled 

and control it if necessary?
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IPM considers economics!
Treat when the value of the damage equals the cost of treatment
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Maintain natural enemy populations to assist with pest control

Use a combination of tactics to control pest populations

Scout for pests
Use insecticides only if populations exceed Economic threshold



Neonic seed treatments are used outside of IPM

They are used regardless of need

 They provide benefit for yield in ~5-8% of fields

Negative influence on beneficial and innocuous spp.

Natural enemies, pollinators, decomposers

Resistance potential
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Conclusions about neonics and seed treatments

They can provide some value when pests are around

Mostly being used as insurance – less value, pests uncommon



Conclusions about neonics and seed treatments

They can provide some value when pests are around

Mostly being used as insurance – less value, pests uncommon
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Water soluble insecticides pose a challenge

 Very mobile, contaminate adjacent habitats

 Can be common in aquatic habitats 

 Unclear consequences
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