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ABSTRACT

Worldwide, bird populations are declining dramatically. This is especially the case in intensely used agricultural areas where
the application of neonicotinoid insecticides is thought to—unintendedly—cause a cascade of negative impacts throughout food
webs. Additionally, there could be direct (sub-) lethal impacts of neonicotinoids on birds, but to date there is no comprehensive
quantitative assessment to confirm or rule out this possibility. Therefore, we use a meta-analytical approach synthesising 1612
effect sizes from 49 studies and show that neonicotinoids consistently harm bird health, behaviour, reproduction, and survival.
Thus, in addition to reduced food availability, the negative direct effects of exposure to neonicotinoids likely contribute to bird
population declines globally. Our outcomes are pivotal to consider in future risk assessments and pesticide policy: despite lo-
calised bans, the metabolites and residues of neonicotinoids remain present in the environment and in birds and will thus have

long-lasting direct effects on both the individual and the population levels.

Neonicotinoid insecticides are the world's most widely used in-
secticides, but their use is increasingly connected with a long
and concerning list of environmental effects (Goulson 2013;
Humann-Guilleminot et al. 2019; Morrissey et al. 2015). Since
their introduction in the 1990s, neonicotinoid application in ag-
riculture and livestock production, home garden settings, and
pet protection increased substantially because of their unique
mode of action and effectivity: the seven available neonicoti-
noid compounds together protect plants against sucking and
chewing insects from at least nine taxonomic groups (Frank
and Tooker 2020). Neonicotinoids, which are structurally sim-
ilar to nicotine, act as an agonist on insect nicotinic acetyl-
choline receptors and disrupt the functioning of the central
nervous system, leading to acute paralysis and death of insects
(Jeschke et al. 2011; Thompson et al. 2020). Unlike highly toxic

organochlorine insecticides that were commonly used in the past
(such as DDT), neonicotinoids were initially presumed relatively
harmless to non-target organisms (Thompson et al. 2020) as they
have a lower affinity to bind to vertebrate receptors, and resi-
dues in blood and organs were rapidly cleared (Bean et al. 2019;
Thompson et al. 2020). Yet, particular chemical characteristics
of neonicotinoids (i.e., high water solubility and long half-lives
in soils), make that many terrestrial and freshwater ecosystems
are unintendedly contaminated and organisms inhabiting those
environments are to some level exposed to these substances or
their metabolites (Hladik, Main, and Goulson 2018). Indeed,
neonicotinoids may influence non-target organisms (including
species of mammals, birds, fish, molluscs, crustaceans, and an-
nelids; Goulson 2013; Wood and Goulson 2017) and whole food
webs more than initially expected (Tooker and Pearsons 2021).
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1 | Do Neonicotinoids Cause Global Bird
Population Declines?

The declines in bird populations observed in recent decades are
especially pronounced in intensely used agricultural areas (Li,
Miao, and Khanna 2020). The correlation of bird population de-
clines with geographic (Hallmann et al. 2014) and temporal (Li,
Miao, and Khanna 2020) patterns of neonicotinoid use indicate
an effect of neonicotinoids, but the actual causality of this as-
sociation, as well as the potential mechanisms, are still debated
(Goulson 2013; Moreau et al. 2022; Walters 2013). For instance,
while reduced insect availability as a result of neonicotinoid
usage has been suggested to lead to insufficient food availabil-
ity for insectivorous birds (Hallmann et al. 2014; Tooker and
Pearsons 2021), population declines are also common in a num-
ber of granivorous, frugivorous, and carnivorous bird species
(Lees et al. 2022; Moreau et al. 2022). This suggests that neonico-
tinoids may—despite initial arguments against this possibility—
directly affect the health of birds exposed to polluted food, water,
air, or soil, thereby impacting their behaviour, reproduction, and
survival, and thus, ultimately, population persistence regardless
of diet.

To date, there is no comprehensive analysis using all infor-
mation currently available in the literature about the direct
effects of neonicotinoids on birds. Such an assessment is es-
sential because birds not only consume neonicotinoids di-
rectly through ingestion of coated seeds and plant material
containing neonicotinoids but it has now also become clear
that neonicotinoids dissolve in water and soil, leading to long-
lasting and intense pollution at large continental scales (Frank
and Tooker 2020; Thompson et al. 2020). Half-lives of neon-
icotinoids are typically short—for the most commonly used
neonicotinoids the time it takes to break down to half its origi-
nal amount (i.e., DT, or half-live) ranges from 4.7 to 40.3 days
in water and 3 to more than 1000days in soil (Hladik, Main,
and Goulson 2018). However, under certain conditions they
can persist in soils for almost 19 years—highlighting that the
extent of neonicotinoid pollution is far greater than first as-
sumed (Bonmatin et al. 2015; Goulson 2013; Hladik, Main,
and Goulson 2018; Tooker and Pearsons 2021). Perhaps as a
consequence, residues of neonicotinoid compounds are de-
tected in feathers and plasma samples of a variety of wild bird
species (such as sparrows, blackbirds, owls, swifts, gulls, and
terns; Distefano et al. 2022; Graves, Meese, and Holyoak 2023;
Humann-Guilleminot et al. 2019, 2021), which in turn illus-
trates that the susceptibility to neonicotinoids is indepen-
dent of diet, behaviour, and habitat. Importantly, similar as
for DDT (which is known to cause bioaccumulation and re-
productive failure in a multitude of species; Fry 2021), neon-
icotinoids accumulate in birds, including those high up the
food chain (i.e., birds of prey and owls) (Humann-Guilleminot
et al. 2021; Taliansky-Chamudis et al. 2017). To address
whether and how neonicotinoid exposure can be linked to the
observed bird declines, we systematically quantified, using
an extensive meta-analytic model of experimental exposure
studies, whether and which aspects of performance (health,
behaviour, reproduction, or survival) are affected by direct
neonicotinoid exposure.

2 | Approach to Provide an Objective Estimation
of Effects

From 50 published papers that experimentally assessed the
effects of neonicotinoids (i.e., acetamiprid, clothianidin, imi-
dacloprid, thiacloprid, thiamethoxam) on 12 bird species from
different families (see Figure S2), we computed the standardised
mean difference (SMD) (i.e., the standardised difference in the
mean of birds in the control group and birds that were exper-
imentally exposed to neonicotinoids) for each of the reported
performance measures. To assess the impact of neonicotinoids
on birds, we categorised the effect sizes into four performance
classes (i.e., health, behaviour, reproduction, or survival). Rather
than using the (many) actual specific performance measures
(k=275), this categorisation allows for larger statistical power
and thus more robust meta-analyses (Van Kleunen, Weber, and
Fischer 2010; Winfree et al. 2009). More specifically, the perfor-
mance measures were clustered within these classes based on
the experimental design and the ultimate assessed performance
measure where effects act on: for example, ‘body mass’ and
‘weight gain’ fell into the ‘health’ category, but if adults are ex-
posed to neonicotinoids and hatchlings have a lower body mass,
we categorise that as ‘reproduction’ and not ‘health’.

Using a state-of-the-art meta-analytical model that allowed us to
account for heterogeneity and the dependency in multiple esti-
mates extracted from the same sample of birds, we found that ex-
posure to neonicotinoids strongly deteriorates bird performance
overall (Hedges' g=-0.39, 95% CI LB=-0.49, UB=-0.29,
k=1566; Figure 1), confirming our prediction that exposure to
neonicotinoids impacts birds directly.

To determine what aspects of performance are responsible
for the overall impact of neonicotinoids, we tested the sepa-
rate effects on ‘health’ (e.g., physiological aspects, haemato-
logical values, measures of oxidative stress), ‘behaviour’ (e.g.,
consumption rates, migratory behaviour), ‘reproduction’ (e.g.,
reproductive physiology, egg characteristics and offspring pro-
duction), and ‘survival’ (adult and chick mortality). Strikingly,
and in contrast to the effects of DDT that mainly constrains
reproduction (Fry 2021), this analysis revealed that neonicot-
inoids impact all these important aspects of birds' life. For the
performance measure ‘health’, we calculated 1269 effect sizes,
of which the majority (73%) is negative (i.e., 932 effect sizes),
21 are neutral and 316 are positive; for ‘behaviour’, we have 56
effect sizes, of which 50 are negative (89%), 5 are neutral and
1 is positive; for ‘reproduction’ 185 of the 241 effect sizes are
negative (77%), 16 neutral and 40 positive. First, with regards to
health, neonicotinoids caused many symptoms related to poi-
soning, for example, immune suppression, body weight loss, vi-
tamin deficiency, and anaemia, with an overall negative effect
on the birds' health status (Hedges' g=—-0.37, 95% CIs: —0.48 to
—0.26, k=1269, p<0.0001). Although health deficiency symp-
toms varied in strength, most negative effects were very clear
and pronounced (932 of the 1269 effects (73%) were negative,
Figure 1). There are exceptions in which exposure to neonico-
tinoids lead to seemingly positive health effects. For example,
Lopez-Antia et al. (2015) found higher levels of carotenoids
and vitamins in partridge eggs after exposure to imidacloprid,
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FIGURE 1 | The effects of experimental neonicotinoid exposure on bird reproduction, health, and behaviour. Data points are Hedges' g values
(with circle size reflecting precision (1/SE)). The mean is bold and extends with the 95% CIs in bold horizontal lines, and the prediction interval in

thin lines. The dashed vertical line at zero indicates no difference in effect between the exposed group and the non-exposed control group. Negative

and positive effect sizes are indicative of a negative and positive effect of neonicotinoid exposure respectively. ‘k’ represents the number of effect

sizes, with in parentheses the number of studies. For all three performance measures, the overall effect (bold horizontal lines) does not overlap zero,

indicating that neonicotinoids significantly impact all these measures of bird performance.

which the authors suggest is a compensatory mechanism
during yolk formation, and therefore a sign of stress. In another
study, Tokumoto et al. (2013) found an increase in body mass
gain after clothianidin exposure: this seems a positive effect
but in reality, this effect could be attributable to an impaired
liver function. Thus, the few positive effects have likely arisen
from compensatory mechanisms (Lopez-Antia et al. 2015) and
negative feedback loops rather than a true positive effect. This
is in line with the finding that most studies show a negative ef-
fect of neonicotinoids on birds (in total 1167 of 1566 effect sizes
(75%) are negative). Second, exposure to neonicotinoids led to
a reduction in behavioural performance (Hedges g=-0.58,
95% ClIs: —0.94 to —0.22, k=56, p=0.0021, Figure 1) such as re-
duced rates of food consumption (Addy-Orduna, Brodeur, and
Mateo 2019), neurobehavioral abnormalities (Franzen-Klein
et al. 2020), and reduced migratory activity (Eng, Stutchbury,
and Morrissey 2019). Negative effects on health and be-
haviour are probably the consequence of accumulation of toxic
compounds or physiological damage causing immediate or

persistent effects: for example, birds that were in a migratory
state and received a dose of imidacloprid became unable to ori-
ent post-dosing but recovered after 2weeks (Eng, Stutchbury,
and Morrissey 2017). In another example, health effects (a sig-
nificant decrease in dopamine levels) persisted up to 3weeks
after administering imidacloprid to Japanese quails (Rawi, Al-
Logmani, and Hamza 2019). These overall negative impacts
on many aspects of both behaviour and health status may well
explain why reproduction and survival—aspects ultimately
responsible for population persistence—appear to be signifi-
cantly impacted by neonicotinoids. Our analyses reveal that
reductions in proxies of reproduction (such as reproductive hor-
mone levels, eggshell thickness (Lopez-Antia et al. 2013, 2015),
egg laying rates (Hoshi et al. 2014), sperm densities (Humann-
Guilleminot et al. 2019), and secondary sexual characters
(Pandey, Tsutsui, and Mohanty 2017)) were responsible for the
significant negative effect of neonicotinoids on reproduction
overall (Hedges' g=-0.42, 95% CIs: —0.60 to —0.24, k=241,
p<0.0001, Figure 1). Moreover, to disentangle if studies that
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mimicked exposure through food (as they most likely do in nat-
ural settings) found a similar effect, we ran a separate model for
14 studies in which birds had neonicotinoids incorporated into
their diet (i.e., all other studies administered neonicotinoids
through oral gavage or injected eggs directly). Similar as the
overall result, we found a negative effect of neonicotinoid expo-
sure through food (Hedges' g=-0.37, 95% CIs: —0.64 to —0.10,
k=288, p=0.0102). Lastly, all 12 studies investigating mortal-
ity rates of birds exposed to neonicotinoids either showed no
or an elevated mortality rate (with a significant negative effect
overall: Log Risk Ratio =—0.34; 95% CIs: —0.58 to —0.09, k =46,
p=0.012, Figure 2). These results emphasise the toxicity of the
substances, and strikingly, mortality effects in some cases man-
ifested within hours after exposure (Addy-Orduna, Brodeur,
and Mateo 2019)—but only after 8days in others (Tokumoto
et al. 2013). Combined with the previous analyses, this indi-
cates that acute effects as well as more chronic or accumulative
effects of neonicotinoids can be detrimental via pathways that
reduce the health and behaviour of individual birds. In sum-
mary, we provide an objective estimation of effects through our
meta-analysis of experimental studies and show that exposure
to neonicotinoids impact every facet of a birds' life: generic ad-
verse effects are found on all levels, where negative effects on

Overall

gt

health and behaviour result in substantial impact on reproduc-
tion and survival (Gibbons, Morrissey, and Mineau 2015; Pisa
et al. 2021). In addition to overall effects, our data suggest that
these effects are similar regardless of what type of neonicoti-
noid was used: there were significant negative effects for thia-
methoxam (Hedges' g=—0.48, 95% CIs: —0.67 to —0.30, k=542,
p<0.0001, Figure 3), thiacloprid (Hedges' g=-0.66, 95% ClIs:
—1.03 to —0.30, k=21, p=0.0007, Figure 3) and imidacloprid
(Hedges' g=-0.34, 95% CIs: —0.45 to —0.22, k=939, p < 0.0001,
Figure 3). Acetamiprid and clothianidin were only used in
two and three studies respectively, which may explain why
their effects were not significant despite the overall effect sizes
being comparable to those of other compounds (i.e., acetami-
prid: Hedges' g=—0.18, 95% CIs: —0.59 to 0.23, k=19, p=10.38,
Figure 3; clothianidin: Hedges' g=-0.35, 95% CIs: —0.79 to
0.09, k=45, p=0.12, Figure 3).

3 | Impacts on Birds That Are—and Will Be—
Exposed to Neonicotinoids

Our conclusions are based on a synthesis of results obtained
from mainly laboratory studies, raising the question how well

k=46 (12)

-4 -3 -2 -1

O = o o o = = =P

Log Risk Ratio

FIGURE2 | The effects of neonicotinoid exposure on the survival probability of birds. The mean Log Risk Ratios (LogRR) of non-exposed control

groups and neonicotinoid exposed groups on survival probability of birds is indicated using yellow dots, with in green bars the 95% CIs. A negative

value indicates a mortality cost of exposure. In total, 12 studies reported effects on survival, with k=46 effect sizes.
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FIGURE 3 | Impact of different neonicotinoid compounds. Orchard plot of the mean effect size (Hedges' g) of differences between the untreated

controls and neonicotinoid treatment effects of five different neonicotinoid substances. A negative value for g (<0) is indicative of a negative effect,
whereas a positive value (> 0) for g indicates a positive effect. The dot represents the mean, and the bold bars around the means represent the 95%
confidence interval (CI), and the thin bars represent the prediction interval (PI). If the bars do not cross the vertical line, a mean effect size is
significantly different from zero. In the parentheses on the right, we respectively report the number of effect sizes + the number of studies.

these overall conclusions translate to situations and effects in the
wild and across species. Several lines of evidence suggest that
the found effects indeed underlie the severe declines of many
bird species in nature and especially of those in areas with high
application rates of neonicotinoids (Mineau and Palmer 2013).
First, while many included studies were performed on domesti-
cated fowl and quails, the effects were also present in free-living
songbirds (Eng, Stutchbury, and Morrissey 2019). Indeed, we
did not find any between-species variance or a phylogenetic sig-
nal in our dataset (Table S3), meaning that all included species,
across the avian phylogeny (Figure S2) were affected negatively
by neonicotinoids. Second, a frequently encountered criticism of
ecotoxicological risk assessment studies (Topping, Aldrich, and
Berny 2020) is that they may not reflect field-realistic conditions
and are largely dependent on the method, quantity, or type of
compound used. While we encourage more field studies to be per-
formed, several arguments illustrate that methodological issues
are unlikely to explain our results and that the found effects are
likely representative of the effects in nature. Although we find
that higher doses of neonicotinoids within studies yield stronger
negative effects (Figure S4), the highest administered dosage was

often based on realistic concentrations consumed by birds in the
wild. Doses were, for example, determined by both the concen-
trations of neonicotinoids that are applied to seeds used in agri-
culture (e.g., wheat, canola, or corn) and the consumption level
of seeds by birds in the wild (Mineau and Palmer 2013; Roy and
Coy 2020). Importantly, one study (Lopez-Antia et al. 2015)—that
used an application rate corresponding to the recommended lev-
els following Spanish regulations—found the dose killed all ex-
posed adult partridges (Alectoris rufa) within 21 days. Moreover,
field studies illustrate that birds consume enough seeds to cause
sub-lethal effects (Roy and Coy 2020) and that, in fact, even a
single corn kernel coated with neonicotinoids may kill a small
songbird (of 15-50g) (Mineau and Palmer 2013). Finally, unlike
in the included exposure experiments with single compounds,
neonicotinoids are nearly always applied in combination with
other conventional pesticides such as herbicides and nematicides
(Lehmann et al. 2017; Montiel-Ledn et al. 2019; Sultana et al. 2018)
to increase functionality. Indeed, studies investigating pesticide
concentrations in wild birds usually detect the presence and res-
idues of several different compounds within one bird (Fuentes
et al. 2023; Hladik, Main, and Goulson 2018; Zhao et al. 2020).
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Although ‘synergetic effects’ (joint pesticide usage exerting in-
teractive damages and intensifying effects) are, as far as we are
aware, still untested (Cedergreen 2014; Rizzati et al. 2016), this
arguably causes even more pronounced effects in field-realistic
settings than we report here. Taken together, these arguments
highlight that neonicotinoid exposure causes widespread (sub)le-
thal effects on a variety of bird families and that the impact of ne-
onicotinoids might, in fact, be more severe and extensive in wild
populations than presented in this analysis.

While diets of different bird species are variable, and some bird
species may therefore be more susceptible to neonicotinoid ex-
posure than others (Lennon et al. 2019), detrimental long-term
effects are perhaps not restricted to birds directly consuming
treated seeds. Real-life exposure to neonicotinoids not only oc-
curs through ingestion of neonicotinoid-coated seeds but also
from contact with contaminated plants, soil, or water, and con-
sumption of contaminated food such as insects, fish, or pollen
(Frank and Tooker 2020; Walters 2013). Worryingly, recent stud-
ies suggest that repeated application leads to the accumulation
of neonicotinoids in soils, only reaching a plateau after four to
6years (Zhang et al. 2023). Moreover, neonicotinoids do not eas-
ily break down: despite the bans of neonicotinoids in 2013 and
2018 (Bass and Field 2018), the concentration of three banned
compounds was similar or higher in wild birds than before the
ban (Fuentes et al. 2023). Neonicotinoids appear to persist and
accumulate in surviving birds and are present in those high up in
food chains, such as bird of prey that predate on them (Humann-
Guilleminot et al. 2021; Taliansky-Chamudis et al. 2017).

Ultimately, depending on the strength of exposure via these
routes, the severity of the impact on birds may not only lead to
direct mortality, reduced reproductive success, and delayed sub-
lethal health effects as shown here but may also make birds in-
creasingly more vulnerable to other threats and stressors such
as predator presence, low food availability, and limited food-
finding capacity. With the current knowledge that many terres-
trial and freshwater ecosystems are unintendedly contaminated
(Hladik, Main, and Goulson 2018), it becomes clear that there
is a large potential for cascading effects throughout food webs.
Thus, the increasingly toxic load of ecosystems (Frank and
Tooker 2020) is a major point of concern because the general
presence and persistence of neonicotinoids can for a long-time
cause sub-lethal effects that act slowly and chronically in many
non-target organisms, birds and biodiversity in general.

4 | Conclusions

With this meta-analysis, we provided an objective estimation of
the effects of neonicotinoid exposure on birds and compared the
effects among bird species and performances parameters. Our
meta-analysis shows consistent negative effects of neonicotinoid
exposure on various levels of performance of birds. We argue that
in addition to decreases in food availability (Hallmann et al. 2014;
Moller et al. 2021), these direct effects are responsible for at least
part of the extensive bird declines globally (Goulson 2014; Li,
Miao, and Khanna 2020). Unintended consequences of wide-
spread neonicotinoid exposure are of great concern to non-target
organisms, such as birds, and may have far-reaching conse-
quences. In addition to the complexity of proving a causal effect

of neonicotinoid exposure on wild bird population declines, there
is the difficult task ahead of disentangling the contributions of in-
direct, direct, and delayed effects. These are the next steps needed
to determine from which contaminated resources and exposure
routes birds are most likely to be negatively affected. Until then,
however, we argue that our results, along with others (Hallmann
et al. 2014; Tooker and Pearsons 2021; Wood and Goulson 2017;
Zhang et al. 2023), should stimulate caution in adopting and
using established and new neonicotinoids.

5 | Materials and Methods
5.1 | Literary Search and Inclusion Criteria

We performed a systematic literature search using keyword
searches in the “Web of Science Core Collection’ (1990 to pres-
ent), finding relevant papers reporting the effects of experimen-
tal studies testing the effect of neonicotinoids on birds until 25
April 2022. We used the PECO framework to develop our search
query, which distinguishes four elements: Population, Exposure,
Comparator, and Objective (Morgan et al. 2018). Using deriv-
atives from two of the four PECO elements (population and
exposure), our full search term was: (‘Bird* OR ‘Avifauna’
OR ‘Chick* OR ‘Nestling®* OR ‘Hatchling® OR ‘Vogel*” OR
‘Vertebrate*’) AND (‘Neonicotinoid® OR ‘Imidacloprid*> OR
‘Thiamethoxam* OR ‘Clothianidin® OR ‘Acetamiprid® OR
‘Nitenpyram* OR ‘Thiacloprid*’ OR ‘Dinotefuran®’).

Our search rendered 315 papers, to which another 10 studies
were added through cross-referencing of included studies (see
Supporting Information). One duplicate was removed, and one
paper was not included as we did not get access. To be included
in the meta-analysis, studies needed to (1) be conducted on
birds; (2) expose birds to a type of neonicotinoid (e.g., imidaclo-
prid, thiamethoxam, clothianidin, acetamiprid, or thiacloprid)
either in the field or the laboratory; (3) report effects on both a
control (non-exposed) and exposed group that contain data on
means, standard deviation or error, and sample sizes, or other
convertible statistics (see Table S2a); and (4) study the effects on
performance, falling into one of the following four categories
(i.e., performance types): behaviour, health status, reproduction,
or survival (see below). We identified a total of 50 papers that
adhered to all inclusion criteria and overall extracted 1962 effect
sizes to be included in the meta-analysis (full reference list in
Supporting Information; PRISMA diagram, Figure S1).

5.2 | Data Extraction

From the studies that met our inclusion criteria, we collected
the mean and statistical variation (SD or SE) of the untreated
control and the neonicotinoid exposed group, and their re-
spective sample sizes to calculate effect sizes. If these values
were unavailable, we used either the y?, t-value, or F statistics
(Table S2a). To complete or use the data of some studies, the
authors were asked for the original data (see Source Data). In
case no answer was received, the data were either excluded
or only partially included. If only figures were available, data
were extracted using the WebPlotDigitizer version 4.6 (https://
apps.automeris.io/wpd/).
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From each study, we also collected the details of the following
moderators: the performance type studied, the type of neonicot-
inoid that was used (e.g., imidacloprid, thiamethoxam, clothian-
idin, acetamiprid, or thiacloprid), the bird species, the dose in
which the neonicotinoid was applied, the percentage of the maxi-
mum dose used within a study (e.g., concentration level; this only
differs within a study in case multiple groups of birds were ex-
posed to different concentrations), and the percentage of the max-
imum time point taken (this only differs within a study in case
birds were measured multiple times; this was set to 100% in case
a single dose or time point dose was used; see Source Data file).
Given the vast variety of aspects of performance measures that
were reported (275 different response variables were identified; a
full list is provided in Supporting Information), we classified the
effects into four performance types (behaviour, health status, re-
production, and survival) to conduct a robust meta-analysis (Van
Kleunen, Weber, and Fischer 2010; Winfree et al. 2009). Variables
were categorised based on the experimental design and the life
stage where effects were measured: for example, if adults were
exposed to neonicotinoids and hatchlings showed a lower body
mass, we categorised that as ‘reproduction’ and not ‘health status’.

In meta-analyses that compare two experimental groups, the
standardised mean difference (SMD) is often used as the effect
size measure of choice, to make comparison and synthesis of ef-
fects possible across studies that used a variety of different re-
sponse variables (Borenstein et al. 2021; Nakagawa et al. 2022;
Nakagawa and Santos 2012; Viechtbauer 2010). For each perfor-
mance measure, this was computed as the difference between
the group means standardised by the (pooled) standard devia-
tion of the two groups, and then correcting these values for their
slight positive bias, resulting in Hedges' g values (Harrison 2011;
Hedges and Olkin 2014). The effect sizes were computed in such
a way that a negative value is always indicative of an adverse ef-
fect of exposure to a neonicotinoid, compared to the control (e.g.,
a lower body weight is indicative of a negative effect as lower
body weights are generally associated with a poorer health and
energy status (Pandey, Tsutsui, and Mohanty 2017); yet, a higher
value for growth retardation is also indicative of a negative ef-
fect, as this means there were more developmental defects after
exposure to imidacloprid (Hussein et al. 2014)), while a positive
value indicates a positive effect following exposure (Supporting
Information). Additionally, we calculated the effect size vari-
ance, which is based on the sample size of both the treatment
and control group (Hamman et al. 2018) (Table S2a). In few cases
in which reported data for a ‘behaviour’, ‘health status’, or ‘re-
production’ measure represented proportions (e.g., proportion
of total number of eggs that hatched), and not means based on
continuous response variables, we estimated the corresponding
standardised mean difference by calculating the log odds ratio
from the proportions and converting this into Hedges' g (formu-
las in Table S2b). On the other hand, data falling into the ‘sur-
vival’ class always represent proportions (i.e., mortality, either of
the birds themselves or their chicks or embryos) and for ease of
interpretation were therefore analysed separately by computing
the log risk ratios (logRR): negative values indicate a lower risk
of survival in the exposed group compared to the control group.
A single measure (Lopez-Antia et al. 2013) of survival listed as
‘mean chick survival time’ did not fit in either class and was
therefore excluded; this exclusion was conservative since this
study reported a negative effect of neonicotinoids on survival.

Many of the 50 papers reported the effects of neonicotinoids on
a wide variety of response variables, exposed birds to different
doses and compounds, and/or measured effects at varying time
points. We accounted for arising dependencies and continuing
time series in our meta-analytical model as described below.

5.3 | Multivariate Meta-Analysis

Multivariate meta-analysis models extend standard meta-
analytic models to the case where one is analysing multiple
and possibly correlated outcomes, such as in this dataset (Hong
etal. 2020; Jackson, Riley, and White 2011). We accounted for de-
pendencies by constructing an appropriate variance-covariance
matrix of the estimates by assuming a correlation of rho=0.6
for effect sizes from the same study belonging to the same per-
formance type and a correlation of rho=0.4 for the correlation
among effect sizes belonging to different performance types. We
used cluster-robust inference methods (also known as ‘robust
variance estimation’ (RVE)) in the final model to double-check
our results. The difference between the model-implied vari-
ance—covariance matrix and the variance-covariance matrix
obtained via RVE was very minor, confirming that our work-
ing model is reasonable. In addition, some studies used multiple
exposure groups (e.g., different dosages and/or neonicotinoid
types), which were compared against a common control group.
The dependency among the corresponding estimates (due to the
reuse of information from the common comparator) was also
accounted for in the variance-covariance matrix. Finally, some
studies measured the response variable at multiple timepoints.
To account for this, we assumed a continuous-time autocorrela-
tion structure among the corresponding estimates, with an au-
tocorrelation coefficient of phi=0.97, using the percent of total
time as the time variable (hence, 0.97°100~0.05 represents the
correlation between two estimates that are maximally apart and
hence this maximal time difference is also the assumed ‘effec-
tive range’ for the temporal correlation).

In addition, the model included random effects for studies, ex-
posure group (i.e., neonicotinoid that was used) within studies,
performance type within studies, performance measure within
performance type within studies, and a random effect at the
level of the individual estimates. We also examined whether
it was necessary to account for phylogenetic relatedness be-
tween species in the context of this model (Cinar, Nakagawa,
and Viechtbauer 2022). Using the ape package in R (Paradis,
Claude, and Strimmer 2004), we imported the tree we created
through birdtree.org (Jetz et al. 2012). After computing the
branch lengths, we created the corresponding correlation ma-
trix based on a Brownian model of evolution. Two random ef-
fects for species were then added to the model, one assuming
that effects from different species are correlated according to
this correlation matrix (to capture any phylogenetic signal) and
one assuming uncorrelated random effects (to capture pure spe-
cies heterogeneity). We found that accounting for phylogenetic
relatedness and species-level heterogeneity did not significantly
improve the fit of the model and therefore excluded these ran-
dom effects from the rest of the analyses.

The strength of effect sizes varied substantially between studies,
with some studies yielding Hedges' g values that were exceedingly
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large. For four studies that reported SD values, the resulting ef-
fect sizes were too large to represent biologically realistic values;
therefore, we (conservatively) assumed that the authors had re-
ported SEs instead (asterisk in Source Data). However, for other
studies, it was not as clear why some effect sizes were so large. To
reduce the potential of such effects driving the overall results, we
therefore examined the impact of excluding extreme effect sizes
by refitting the model when including only Hedges' g values that
fell, in absolute value, below a certain threshold. We assessed
the impact of all possible threshold values between 2 and the
largest observed effect size. The specific threshold value had no
noteworthy impact on the estimated overall effect or its signifi-
cance, but the size of the variance components decreased with
stricter thresholds (Figure S3a,b). We therefore set the threshold
to 2, trimming away 344 effect sizes (total number of effect sizes
for the SMD: 1910 to 1566), which was conservative, since the
vast majority (95%) of the effect sizes that were excluded by this
choice were negative.

To assess whether the effects of neonicotinoids differed for
the various performance types, per neonicotinoid type, or as a
function of the relative dose or time, we fitted a series of mod-
els where we added moderator variables (i.e., performance type,
pesticide, % of max concentration, and % of max time) to the base
model (res8 to res12 in Table S3; see Figures S4 and S5 for re-
sults). To detect if publication bias was present in our dataset, we
ran an extended regression-based model to examine asymmetry
(Nakagawa et al. 2022). However, since the standardised mean
differences are correlated with the standard errors, we did not
use the standard errors in this test, but rather the sample sizes of
the exposed and control groups. This test yielded no indication
of asymmetry and thus publication bias.

All models were fitted using restricted maximum likelihood
(REML) estimation, using the rma.mv() function from the meta-
for package (Viechtbauer 2010) in R (version 4.2.2). A detailed
description of the model selection process is found in Table S4.

We also measured the effect of neonicotinoids on bird survival.
This meta-analysis was restricted to effect sizes calculated from
proportions only (i.e., log risk ratios). We again fitted the model
with a nested structure but had to simplify the model due to the
smaller size of this part of the dataset (k=46, n=12). Here, we
assumed a correlation of rho=0.5 for multiple estimates from
the same study and only added study identity and effect size ID
as random effects (res 12, Table S4).
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