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Toxicants such as organochlorine insecticides, lead ammunition,
and veterinary drugs have caused severe wildlife poisoning,
pushing the populations of several apex species to the edge of
extinction. These prime cases epitomize the serious threat that
wildlife poisoning poses to biodiversity. Much of the evidence on
population effects of wildlife poisoning rests on assessments con-
ducted at an individual level, fromwhich population-level effects are
inferred. Contrastingly, we demonstrate a straightforward relation-
ship between poison-induced individual mortality and population
changes in the threatened red kite (Milvus milvus). By linking field
data of 1,075 poisoned red kites to changes in occupancy and abun-
dance across 274 sites (10 × 10-km squares) over a 20-y time frame,
we show a clear relationship between red kite poisoning and the
decline of its breeding population in Spain, including local extinc-
tions. Our results further support the species listing as endangered,
after a breeding population decline of 31% to 43% in two decades
of this once-abundant raptor. Given that poisoning threatens the
global populations of more than 2,600 animal species worldwide, a
greater understanding of its population-level effects may aid biodi-
versity conservation through increased regulatory control of chem-
ical substances. Our results illustrate the great potential of long-term
and large-scale on-ground monitoring to assist in this task.

wildlife poisoning | population dynamics | sentinel species | on-ground
monitoring | diclofenac

Even though populations are a major target for both ecological
risk assessments of toxicants (1, 2) and conservation man-

agement actions (3), evidence demonstrating straightforward
relationships between the effects of toxic substances at individual
and population levels remains scarce, especially in vertebrates
(4). The paramount cases of DDT (dichlorodiphenyltrichloro-
ethane) and other organochlorine pesticides (1, 5), lead ammu-
nition (6), and diclofenac (7, 8) exemplify how most evidence of
poisoning impacts at the population level is retrieved (SI Ap-
pendix, Appendix S1). In brief, scattered data of toxic effects
from molecular to individual levels are gathered, and inferences
on the relationship to observed population declines are de-
termined through, for example, computational methods (4). For
instance, strong evidence that identified diclofenac as the major
cause of massive mortalities of Gyps vultures across the Indian
subcontinent (7, 8) was linked with observed widespread pop-
ulation declines directly through deductive reasoning (7, 8) and
the use of demographic simulations (9).
Inferring the effects of toxic substances at a population level

from individual responses is not straightforward, as individual
parameters known to be affected by toxicants (e.g., survival, fe-
cundity) do not always correlate with population changes (2).
Indeed, certain numbers of individuals can be removed from a
population (e.g., poisoned) without necessarily leading to its

decline due to such processes as density-dependent productivity or
immigration, which may compensate for toxic effects at an indi-
vidual level (1). As a result, forecasting the fate of populations
affected by toxicants is a challenging task (10). Alternatively, the
use of real-world population changes (e.g., through observed
population growth rates), which already incorporate the complexity
of population dynamics, has emerged as an ecologically sound
option for assessing how toxic effects at the individual level trans-
late into population-level impacts (2, 11). However, collecting field
data at individual and population levels simultaneously is extremely
costly and time-consuming, particularly at large spatiotemporal
scales (10, 11). As a result, the available evidence linking individual
responses to toxicants and observed population changes is limited
to a few studies at local scales (e.g., one geographic location) and/
or over short periods (12, 13). These spatiotemporal limitations,
which in turn restrict sampling replication, weaken the strength of
available evidence, and preclude drawing sound conclusions about
the impact of toxicants on animal populations (11, 14).
Counteracting spatiotemporal limitations, we link field data of

toxicant-induced individual mortality and population changes in
the threatened red kite (Milvus milvus) across hundreds of
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localities in a 20-y time frame. To do so, we take advantage of
two long-term and large-scale monitoring schemes: 1) Spanish
national surveys of the presence and abundance of the species
(∼3,500 10 × 10-km squares) in 1994 (15) and 2014 (16) and 2)
data on wildlife poisoning events across Spain compiled by the
ANTÍDOTO program (17) over the same period (n = 18,500
dead animals and 4,175 baits). The Spanish breeding population
of red kite has decreased over the last 20 y, and poisoning, either
intentional or accidental, has been suggested as one of the main
causes behind this decline (16).
To assess the role of poisoning on the observed changes in the

distribution and abundance of breeding red kites in 274 10 ×
10-km squares between 1994 and 2014 (Fig. 1), we included the
observed data on individual poisoning of red kites and other an-
imal species (e.g., dogs, raptors; Materials and Methods and SI
Appendix, Table S1) in each square as explanatory variables in
generalized linear models (GLMs). Poisoning was defined here as
individual intoxication, mostly by baits illegally used to kill wildlife
but also by other toxic compounds used for pest and predator
control, as well as anthropogenic pollutants such as lead. Land use
changes known to determine the habitat suitability for red kites
were also taken into consideration (18).

Results and Discussion
A total of 1,075 red kites were registered as poisoned in main-
land Spain, including 657 confirmed through toxicologic analyses
and 418 suspected but without toxicological confirmation, in the
1995 to 2013 between-census period (Materials and Methods and
SI Appendix, Table S2). Aldicarb and carbofuran were detected
in >82% of the poisoned red kites analyzed (i.e., 316 and 228
individuals, respectively) (SI Appendix, Table S2). Despite being
banned in Europe in 2003 and 2007, respectively, these two in-
secticides are still being used illegally to kill wildlife (17).
Poison-driven red kite mortality (both suspected and confirmed)

showed a negative impact on red kite abundance (Fig. 2 A and B).
Our results show a decrease in the number of breeding pairs as the
number of poisoned red kites increased in a 10 × 10-km square,
highlighting a pernicious effect of poisoning on the species pop-
ulation. This result is further supported by the negative relationship
between the number of poisoned dogs, considered a good indicator
of poison incidence (19) (see below), and changes in the breeding
population of red kite (SI Appendix, Table S3). In contrast, while the
presence of poisoned dogs (presumably by illegally poisoned baits)
also negatively influenced red kite occupancy (Fig. 2C), the opposite
effect was observed for poisoned red kites—that is, a greater
probability of occupancy in sites with a higher number of poisoned
kites (Fig. 2D). This apparently counterintuitive result may be due to
the presence of dead red kites, and thus the probability of locating
them is greater at locations with larger breeding populations. Red
kite population size—the number of breeding pairs in 1994 and the
mean number of breeding pairs in 1994 and 2014—also explains
changes in occupancy and abundance, respectively (Fig. 2E and SI
Appendix, Table S3). Locations with larger breeding populations
seem to be more resistant to local extinction despite suffering high
kite mortality, including poisoning, perhaps due to density-dependent
or immigration processes. Indeed, red kite populations can expand to
some extent even when exposed to toxic substances, as has been
observed for some reintroduced or isolated populations (20, 21).
Our results are in accordance with existing demographic models on

the impact of poison on the species (13, 22) and support previous
works suggesting a marked impact of poisoning on small and isolated
populations (21, 23), while concurring that poisoning represents a
major global threat for the species (24). Furthermore, we detected
local extinctions in 107 10 × 10-km squares, underscoring the im-
portant impact of poisoning on red kite distribution and abundance.
Therefore, in the absence of effective measures to eradicate or min-
imize poisoning, further local extinctions may occur. Along with poi-
son, our models showed a positive association of irrigated crops on red

kite presence (SI Appendix, Table S3) that could be due to irrigated
farmlands harboring a more heterogeneous landscape with trees for
breeding and open areas for foraging. This association is especially
strong in the main species strongholds found in northwestern Spain
(25). The negative impact of urban and forested areas on the species
abundance (SI Appendix, Table S3) would be in agreement with the
decreased availability of such heterogeneous farming landscapes in
highly urbanized or forested 10 × 10-km squares.
Our results provide straightforward evidence linking the effects of

poisoning on individuals (i.e., mortality) with the population trends
of a wild species using field data at a fine spatiotemporal scale
across hundreds of locations. The response of red kite populations
to poisons suggests a strong potential for this species to act as a
sentinel of toxic environmental risk in natural ecosystems (26). In-
terestingly, the density of dogs confirmed as poisoned per square
kilometer and per year best predicted the observed changes in oc-
cupancy of the red kite breeding population (Fig. 2C and SI Ap-
pendix, Table S3). Dog owners are expected to actively look for their
missing pets, thereby increasing the detectability of the poisoning
cases affecting them. Considering the low detectability of wildlife
poisoning events (17, 27), poisoned domestic animals emerge as a
reliable index of the true incidence of toxic substances on wildlife
(19) (SI Appendix, section S2).
Overall, considering the low detectability of wildlife poisoning (17,

27) and the difficulty of gathering population data over large areas
(10), our results highlight poisoning as a major driver of countrywide
population decline in a threatened vertebrate. Changes in distribu-
tion and abundance are major criteria used to evaluate the conser-
vation status of a species (28). Thus, our findings further support the
listing of the species as “endangered” in Spain, where the number of
red kite breeding pairs has decreased by at least 31% in 20 y (16),
with poisoning a seemingly major and persistent cause of this re-
duction (16, 28). Poisoning in all its different forms (e.g., poaching,
pest and predator control, anthropogenic pollutants) threatens the
global populations of at least 2,602 animal species, representing
∼3.5% of the 73,488 animal species and ∼3.5% of the 50,816 ver-
tebrate species included on the International Union for Conservation
of Nature (IUCN) Red List (29) (SI Appendix, Table S4). Poisoning
threatens ∼756 species (8.4%) of the 9,013 vertebrate species listed
under threatened categories (i.e., “Critically Endangered,” “Endan-
gered,” and “Vulnerable”). Two hundred forty-five species of raptors
and carnivores (28.5%) are also threatened by poisoning, including
almost one-half of the species listed as “Critically Endangered,”
“Endangered,” or “Vulnerable” (SI Appendix, Table S4).
Surprisingly, although ample evidence highlights the pernicious ef-

fects of poisoning on individuals (1, 4–8), defining the impact of toxi-
cants at high levels of biological organization (e.g., populations)
remains a challenging task, resting mostly on the use of inferential
methods (4). As a result, we lack straightforward evidence linking field
data on the impact of toxic compounds at individual and population
levels at a detailed spatiotemporal extent large enough to further
support a widespread (rather than local) consistent effect (11). Direct
evidence such as that provided here on the effect of poisoning on the
population of a wild species at fine spatiotemporal scales across hun-
dreds of locations strengthens the bridge between population dynamics
and conservation biology (10), providing further support for taking
effective actions against the use of toxic compounds pernicious to
wildlife (e.g., lead ammunition, rodenticides) (4, 11). Such evidence
may help improve the regulatory processes of chemical substances,
including postapproval adaptation (11, 30). In this context, our data
demonstrate the strong potential of existing monitoring schemes, such
as the ANTÍDOTOprogram in Spain (17) and the SAGIRmonitoring
in France (27), to provide straightforward evidence of the impact of
toxic substances across species over large spatiotemporal scales (11).

Materials and Methods
Study Species and Study Area. The red kite (M. milvus) is an endemic raptor of
the western Palearctic (Fig. 1), globally listed as “Near Threatened” (24). The
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European population, estimated as 25,200 to 33,400 breeding pairs, cur-
rently accounting for >95% of the global species population, has decreased
by ∼30% over the last three generations (34.5 y), mainly due to declines
within its core breeding areas in Germany, France, and Spain (26). Spain (our

study area) holds roughly 2,000 breeding pairs and an estimated 50,000
wintering individuals (16), representing one of the world’s main breeding
strongholds and wintering areas for red kites (31, 32). Nonetheless, the
Spanish red kite wintering and breeding populations have experienced

Fig. 1. Distribution and abundance of the red kite breeding population per 10 × 10-km square in Spain. Data were obtained from the species censuses in
1994 (15) (A) and 2014 (16) (B). Changes in occupancy and abundance per square were obtained by combining both censuses (C). Red kite populations in the
Balearic Islands and Doñana (within dashed circles) were excluded from the analyses (see Materials and Methods). The global distribution of the species
according to the IUCN (24) is shown in the map at the top right. (Red kite image credit: Public Domain Pictures/George Hodan.)
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sharp decreases (7 to 19% and 31 to 43%, respectively) over the last two
decades (15, 16, 33). Although the species trend in the last decade could be
considered globally stable (16, 33), in Spain the red kite is legally considered
“Endangered,” meaning that the species probability of survival is low as
long as the primary threats to the population remain in place (34).

Red kites are opportunistic raptors that feed on a wide range of food
resources, from small prey such as rodents, passerines, and young rabbits to all
types of meat remains, including organic waste at dumps and carcasses of any
size from large ungulates to reptiles, birds, and rodents (24). This makes the
species highly susceptible to different toxic compounds, including those le-
gally administered for pest control and deliberately poisoned baits aimed at
illegal killing of predators (26, 35–37). Illegal poison use is currently con-
sidered among the main threats for the species (24) and has been suggested
to be a major factor behind red kite population declines in southwestern
Europe (35). Mortality caused by various toxic substances is considered a
factor in delaying the expansion of the Scottish reintroduced population of
red kites (22), in contrast with reintroduced populations in England (20).
Despite the reported high mortality caused by toxicants, these two pop-
ulations are expanding, however (20, 22). In contrast, extensive anticoagu-
lant rodenticide use in agrarian landscapes in northwestern Spain has been
identified as a major driver of short-term population declines at the regional

level (38). For instance, high mortality rates and demographic modeling
support illegal poison use as a major cause of red kite population declines in
small isolated populations in Doñana National Park and the Balearic Islands
(13, 21, 23). The suggested major role of poisoning as a driver of large-scale
and long-term declines of this species remains unproven, however.

Red Kite Breeding Population. Data on the distribution and abundance of
breeding red kites in mainland Spain were obtained from two national
censuses performed in 1994 and 2014, the longest monitoring period
available to date (15, 16). The census methodology is described in detail
elsewhere (15, 39). In brief, breeding kites were located within 10 × 10-km
UTM (Universal Transverse Mercator) squares in March to July of each
monitoring year by trained volunteers through both car surveys at low speed
(≤40 km/h) to obtain the individuals observed per km and an active search of
breeding territories from vantage observation points or intensive nest
searching. Data obtained by both methods were converted to population
estimates using the equations shown in refs. 15 and 39.

Data on the presence and abundance of breeding red kites in 1994 were
obtained for a total of 2,990 10 × 10-km squares (i.e., ∼300,000 km2; 60% of
the country’s area). The species presence was confirmed in 386 squares
(i.e., 38,600 km2), with an estimated total breeding population of 3,333 to

A

C D E

B
Changes in abundance

Changes in distribution

Fig. 2. Main factors explaining changes in red kite occupancy and abundance in 1994 to 2014. (A) When raw data were considered, the density of dead red
kites (both confirmed and suspected as poisoned) negatively correlated with the observed changes in the number of breeding pairs per 10 × 10-km square
(n = 274). Although this linear relationship weakened after removing the influential point, x = 0.004 (i.e., P > 0.05), this point had no effect in the best model,
further supporting the observed negative trend. (B) Dead red kites explaining the variation in the proportion of breeding pairs surviving in 2014 when
included in the final best model, while keeping the remaining variables constant at their mean values; that is, locations with greater numbers of dead kites
had lower proportions of surviving pairs. (C–E) In agreement with the occupancy models for breeding kites, raw data showed that locations where red kite
breeding pairs disappeared between 1994 and 2014 (n = 107) had more dogs confirmed as poisoned (C), fewer dead red kites (both confirmed and suspected
as poisoned) (D), and a smaller breeding population (E) in 1994. Wilcoxon tests show differences for the raw data. Wald tests for each variable once included
in the final best model are provided for comparisons. Significant P values (<0.05) are in bold type. Additional details are provided in Materials and Methods
and SI Appendix, Table S3. (Red kite image and dog image credit: Public Domain Pictures/George Hodan and Pixabay/AlbanyColley.)
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4,044 pairs (Fig. 1A) (15). In 2014, the species census covered 1,400 10 ×
10-km squares (i.e., 140,000 km2), and the presence of red kites was reported
in 554 squares, with an estimated population of 2,312 to 2,440 breeding
pairs (Fig. 1B) (16). After correction for potential overestimation of breeding
pairs detected in the last census, the Spanish breeding population was es-
timated as ∼2,000 breeding pairs, representing nearly a 40% decrease in its
distribution over the two decades (15, 16). Data on red kite presence from
both censuses were combined to obtain a response variable of the change in
occupancy of breeding red kites per 10 × 10-km square in the 20-y period
considered (n = 274; Fig. 1C and SI Appendix, Table S1). Those squares with
breeding pairs in both censuses (i.e., 1994 and 2014) were codified as pres-
ences (value of 1; n = 167). Squares with breeding kites in 1994 but not in
2014 were considered as absences (or losses, codified as 0; n = 107). Changes
in the abundance of breeding pairs among censuses were codified as a
variable with two vectors: “number of succeeds,” the number of breeding
pairs estimated per 10 × 10-km square in 2014, and “number of failures,”
the number of breeding pairs that disappeared between 1994 and 2014 (40).
Those squares with no change or an increase in the abundance of breeding
pairs in the considered period were assigned 0 failures.

We excluded data from Baleares Islands and Doñana from the analyses,
because these populations are geographically isolated from the rest of the
Spanish red kite population and seem to present different habitat prefer-
ences (20). Nonetheless, both populations are known to have been heavily
impacted by poisoning (13, 21, 23, 41).

Wildlife Poisoning Data and Other Environmental Variables. To assess the po-
tential influence ofwildlife poisoning on the observed changes in distribution
and abundance of the breeding population of red kite, we used a large and
exhaustive database of confirmed or suspected cases of wildlife poisoning
compiled over more than 3 decades in Spain by WWF Spain and Spanish Or-
nithological Society (SEO/BirdLife) (17). Most of these data were gathered by
survey programs coordinated by governments of autonomous regions in
Spain, and toxicologic analyses were performed at public and private eco-
toxicology laboratories designated by the competent authorities. We consid-
ered 12 variables related to the incidence of poisoning in the fauna in general
and in raptors and kites in particular (SI Appendix, Table S1). According to the
low detectability of wildlife poisoning (estimated in 5 to 15% of the total
cases) (17, 27), we also considered the number of poisoned dogs per square
kilometer and year as a potentially more accurate index of the actual incidence
of wildlife poisoning (19). Considering the red kite trophic ecology
(i.e., feeding on small carcasses and meat remains) (24), we also calculated the
density of poisoned baits as a proxy for the incidence of poisoning in natural
ecosystems. Poison-related variables were calculated in two ways: considering
all the episodes registered in the database in the period between censuses
(i.e., 1995 to 2013; n = 18,500 animals and 4,175 baits) and considering only
those episodes in which the presence of a toxic compound susceptible of
poisoning wildlife was confirmed (n = 9,562 animals and 3,257 baits). All these
variables were initially considered in the models.

To account for other factors able to influence the observed changes in the
red kite breeding population, we considered several environmental factors
previously identified as important to determine habitat suitability for the
species in Spain. Seoane et al. (18) highlighted the importance of different
land uses (e.g., cropland, forest, pasture), topographic variables (e.g., ele-
vation, slope), and climatic variables (e.g., temperature) on the distribution
and abundance of red kites. Among these variables considered important
for the red kite in 1994, we incorporated into our analyses those susceptible
of meaningful and noticeable changes in 1994 to 2014. We used CORINE
Land Cover information from 1990 and 2012 (42) to calculate the percent
change in crop, forest, and pasture lands, as well as urban surfaces, per 10 ×
10-km square among the considered red kite censuses (SI Appendix, Table
S1). We assumed that the remaining variables considered important for
explaining habitat suitability for the red kite (e.g., climate, topography) had
not changed noticeably in the period analyzed.

We considered the number of breeding pairs of red kite estimated per 10 ×
10-km square in 1994 and the geometric mean of the breeding pairs esti-
mated in 1994 and 2014 as a way to better determine red kite abundance
during the considered period (SI Appendix, Table S1). Squares with a higher
breeding population could be more resilient to species threats such as poi-
soning and land use change and thereby have a higher probability of
remaining occupied. Red kite population sizes were used also to control the
potential effect of population size on the number of poisoned kites recor-
ded per square. The species population size was included in the predictive
models in two ways, as an independent explanatory variable and as a divisor
of the number of poisoned red kites in each square, to obtain an explana-
tory variable of poisoned kites per breeding pair (SI Appendix, Table S1).

Analysis. We used GLMs with binomial error distributions and “logit” links to
explain the observed changes in the distribution and abundance of breeding
red kites between 1994 and 2014. From the significantly correlated ex-
planatory variables (i.e., those with a Spearman correlation P < 0.05), we
included in the models the one with the greater ecological significance or, if
not easily discriminated, the variable with best results in a univariate GLM
(e.g., lower corrected Akaike information criterion [AICc]) (43).

We used multimodel selection to choose the best models (43). We ran-
domly selected 70% of the data to train the models and the remaining 30%
to test the results. We used the training dataset to generate a set of models
with all possible combinations of the considered explanatory variables. We
tested both linear and quadratic responses, as well as interactions between
pairs of variables. The resulting models were ranked by lower AICc and
higher relative weight (ωm), which indicates the probability that a model was
the best one among all the candidate models evaluated. From these ranked
models, we selected a set of best models comprising those whose weights
added to 0.95 (Σωm = 0.95). From the set of best models, we depleted the
redundant ones, that is, those including the same variables of other more
explicative models (i.e., with lower AICc and higher ωm) but with some ad-
ditional variable that complicates the model without improving its pre-
dictive ability. Once filtered, model weights were recalculated to sum to 1.
The models resulting from this selection process were combined into a single
model considered the final best model (43, 44). The coefficients of the ex-
planatory variables included in the final best model were calculated by
weighting each variable coefficient by the weight of the model in which the
variable was included.

The relative contribution of each variable to the final best model (ωi) was
calculated by summing the weights of the models (ωm) within the set of best
models (Σωm = 0.95) that included the considered variable. The most im-
portant variables were those with the highest relative weight (ωi = Σωm). We
expected that our approach of selecting noncorrelated variables to include
in the models would minimize multicollineality, thereby minimizing the is-
sues associated with pondered models (44). Nonetheless, to obtain addi-
tional information on the performance of the explanatory variables, we also
calculated Z values and P values using the Wald test (SI Appendix, Table S3)
for each variable included in the final best model. All statistical analyses
were performed in R (45).

Global Assessment of Poisoning as a Species Threat.We searched the IUCN Red
List (29) for animal species threatened by poisoning at global scale according
to the IUCN criteria for the inclusion of threats. We considered a species to
be threatened by poisoning when threat category “5.1.2: Unintentional
Effects (species is not the target)”, “5.1.3: Persecution/Control,” or “9.3.3:
Herbicides and Pesticides” was recorded in the IUCN’s assessment of the
species. We restricted our search to only global assessments of animal species
(i.e., kingdom Animalia). We also considered these figures for vertebrate
species (i.e., phylum Chordata) and for raptors (i.e., orders Accipitriformes,
Cathartiformes, Falconiformes, and Strigiformes) and carnivores (i.e., order
Carnivora), as predators are either frequently prosecuted through illegal
poisoning or affected by secondary poisoning (e.g., consuming poisoned
prey, such as rodents) (1, 4–8, 27, 35–38, 46, 47). The main results of this
search are described in detail in SI Appendix, Table S4.

Data Availability. Data on red kite populations are available in the census
publications (15, 16). Additional details on this, as well as access to the
ANTÍDOTO database on wildlife poisoning, are available on request from
WWF Spain or SEO/BirdLife.
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