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Instituto de Investigación en Recursos
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Abstract

The lesser kestrel Falco naumanni is a globally threatened colonial bird that has

suffered a generalized population decline in Europe. Recent studies have suggested

that the land-use changes linked to agriculture intensification are the main factors

accounting for the population regression. However, there has been little analysis of

the role of pesticide applications. In this study, we examined the consequences of a

malathion treatment in a wild population of lesser kestrels, specifically its effects

on breeding performance, adult survival and population size. We found that the

larger the area treated with malathion around the colony, the lower the size and the

body condition of the fledglings, although no effects were found on the number of

fledged chicks per pair or their sex ratio. Survival of adult males, but not females,

was lower in the malathion-treated areas. These results show that organopho-

sphorus pesticides applied at standard rates might disrupt the lesser kestrel

population dynamics by reducing their breeding performance and increasing adult

mortality in a sex-biased way. The proportional area treated around the colony did

not affect colony size in the following year, indicating that an increased adult male

mortality was not enough to lead to a detectable population size reduction and/or

that the arrival of immigrants could have masked it. Both the direct malathion

toxic effects and the expected reduction in prey availability due to fumigation are

likely to underlie the observed effects. Hence, keeping non-treated buffer areas

around kestrel colony centers should be a strictly applied conservation measure to

avoid the observed negative side effects of malathion applications.

Introduction

After the widespread withdrawal of organochlorine insecti-

cides, organophosphorus (OP) compounds have currently

become among the most extensively used pesticides. How-

ever, in spite of the advantages of OP pesticides, related to

their low environmental persistence and limited bioaccumu-

lation, they have a very high acute toxicity, and thus the

potential to affect non-target species (Sanchez-Hernandez,

2001; Story & Cox, 2001). Birds are one of the primarily

non-target taxa affected by OP pesticides (Story & Cox,

2001), and several dies-offs have been recorded (Mendels-

sonh & Paz, 1977; Keith & Bruggers, 1998; Mineau et al.,

1999; Fleischli et al., 2004), sometimes accounting for

population declines in species of great conservation interest

(Mineau et al., 2005).

A number of field and laboratory approaches have

evaluated the effects of OP insecticides on birds both at

biochemical and organism levels (Hooper et al., 1989;

Sanchez-Hernandez, 2001). However, their effect on wild

avian populations is still poorly understood (Sanchez-Her-

nandez, 2001; Story & Cox, 2001). The attempts to extra-

polate the results derived from laboratory research to field

conditions have usually failed even at the organism level.

Environmental matrixes and other chemicals are known to

modify OP toxicity under natural conditions (Blus & Henny,

1997), and toxicity data from reference species used in

laboratory tests are not usually applicable to other taxa

(Schafer & Brunton, 1979; Weimeyer & Sparling, 1991).

Thus, laboratory approaches provide little information on

the effects of OPs on wild bird populations (Blus & Henny,

1997). While most field studies have investigated the bio-

chemical responses to acute OP exposure (Sanchez-Hernan-

dez, 2001), this is not usually accompanied by additional

data at the population level. Hence, the population con-

sequences of pesticide applications, which also depend on

several other non-acute and indirect effects, are usually

unknown (Howe et al., 1996; Boatman et al., 2004).
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Most population-level investigations of OP effects on

birds are based on records of mortality events (Mendelssonh

& Paz, 1977; Goldstein et al., 1999; Fleischli et al., 2004).

However, as most data relate to unmarked individuals, it is

often difficult to establish population-level effects (Fleischli

et al., 2004). Long-term analyses from well-monitored bird

populations could help to fill this gap, and aid in assessing

the impacts of pesticide applications on wild populations

(Sih, Bell & Kerby, 2004). Long-term monitoring data and

toxicological studies can be integrated to develop adequate

ecological pesticide risk-assessment policies (Tiebout &

Brugger, 1995; Hansen & Johnson, 1999).

The main aim of the present study was to analyze

the effects of an aerial application of malathion on

breeding performance, adult survival and population size in

a wild lesser kestrel Falco naumanni population. Malathion

is an OP insecticide used in open-country agricultural

habitats, which are also the habitat of the lesser kestrel.

We carried out the study on lesser kestrel colonies that

have been thoroughly monitored for several years, and

thus provide a suitable study model to assess the

population-level impacts of these chemicals on birds. We

discuss the implications of our results for establishing

general management strategies for pseudo-steppe bird po-

pulations.

Methods

Study area and organism

The study area was a plateau in La Mancha, central Spain

(391200N, 31150W), covering c. 1000 km2. We monitored 16

lesser kestrel colonies (average kestrel pairs per colony=16,

range=9–64). Climate is meso-Mediterranean, with mean

temperatures ranging from 24–26 1C in July to 4–6 1C in

January; annual rainfall averages 300–400mm and is mainly

concentrated in spring and autumn. The area is extensively

cultivated with barley Hordeum vulgare, wheat (Triticum

spp.) and vineyards Vitis vinifera. Other minor habitats

include scattered olive groves Olea europaea, some recent

pine plantations (Pinus spp.) and non-cultivated pastoral

areas.

The lesser kestrel is a migratory and colonial small bird of

prey. This species is highly philopatric; most surviving

adults and a third of the yearlings return to the same

colony to breed (Serrano et al., 2001). Eggs are laid from

the end of April to the first week of June (Aparicio &

Bonal, 2002). When feeding nestlings, kestrels forage

3–6 km from the colony (Bonal & Aparicio, 2001; Franco

& Sutherland, 2004) but when they are hunting for them-

selves they forage up to from 10 km from the colony

(Donázar, Negro & Hiraldo, 1993). Their diet is mainly

insectivorous, primarily grasshoppers and crickets (Orthop-

tera), with a smaller component of small lizards, micro-

mammals and passerines. Nestlings are mostly fed with

grasshoppers (more than 50% biomass intake; R. Bonal &

J. M. Aparicio, unpubl. data).

Breeding performance

Kestrel colonies at the study area have been monitored since

1993. In 2003, we located nest sites before the onset of egg

laying and each potential nest was regularly examined to

determine laying date, clutch size, hatching success, sex and

number, mass and condition of fledged young. Adults were

trapped with a noose carpet or by hand during incubation,

measured and individually marked with metallic and co-

lored plastic rings. Chicks were marked at hatching with nail

varnish (claws) or a waterproof felt-tip pen (back down

feathers), and they were banded 5–7 days later (Aparicio,

1997). Tarsus length was measured with a digital caliper to

the nearest 0.01mm, and we used this measure as an

estimation of size because it reaches an asymptote before

fledging. We also used pectoral thickness to estimate fledg-

ling body condition (Aparicio & Cordero, 2001), as it is

more reliable than the residuals of body mass on tarsus

length (Gosler & Harper, 2000). Pectoral thickness was

measured using a portable ultrasonic meter (Krautkrämer

USM22F, Hürth, Germany, accuracy 0.1mm). Both tarsus

length and pectoral thickness were recorded when fledglings

were 30 days old (all fledglings in the nest were measured).

The number of chicks found in the nest was considered the

number of fledged young per successful pair, as after that

age, most chicks are able to fly. Nestlings were sexed when

they were 20–30 days old by checking the color of their tail

feathers and upper tail coverts, a method that is 100%

reliable (Aparicio & Cordero, 2001).

Malathion application

During the spring of 2003, there was a grasshopper popula-

tion outbreak in certain parts of the study area, leading the

local authorities to carry out a preventive malathion aerial

spraying in order to reduce the damage to vineyards. On

July 8, 2003, the most affected area (7600 ha) was aerially

sprayed with malathion 118% (w/v) at 1L ha�1 ultra-low

volume (ULV, without carrier). A non-treatment buffer

zone of 500m around the lesser kestrel colonies and from

the lagoons was in place. However, the environmental

authorities had incomplete knowledge of the lesser kestrel

colonies and spraying took place within the buffer zone of

three colonies. We studied the effects of the malathion

application in relation to the proportion of treated foraging

area around the colony that is within a 6 km radius to study

the effects on breeding performance, and a 10 km to inves-

tigate the consequences on adult survival and colony size.

Statistical analyses

To analyze the effects of malathion aerial spraying on lesser

kestrel breeding performance, breeding pairs were assigned

to two groups, ‘before’ and ‘after,’ depending on whether

the young fledged before or after spraying (Fig. 1). Tarsus

length (normal error and identity link function), pectoral

thickness (normal error and identity link function), number

of fledglings (Poisson error and log link function) or sex

ratio at fledging (binomial error and logit link function)
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were included as dependent variables in different generalized

linear mixed models (GLMMs) using the GLIMIXmacro of

SAS (SAS Institute, 2004), whereas the period relative to

aerial spraying and the proportion of treated area within a

6 km radius of the colonies were included as independent

factors and covariates, respectively. We also included laying

date as an additional predictor in the analyses to control for

potential temporal changes of the breeding parameters

considered. As pairs of the same colony could be non-

independent, we included colony identity as a random factor

in all these analyses. In sex-ratio analysis, we included the

number of males as the response variable and brood size as

the binomial denominator. Other variables like clutch size

and hatching success were not analyzed as all clutches were

completed and hatched before the aerial spraying so that the

pesticide application could not affect these breeding para-

meters.

We also used GLMMs to study the effects of the treat-

ment on the survival of adults in the following year. In this

analysis, we considered a binomial error and a logit link

function to study whether the proportion of treated area

within a 10 km radius of the colonies affected the recovery

rates of marked individual adult lesser kestrels. As an

additional predictor, we included a variable that we defined

as capture effectiveness (the ratio between the number of

captured birds and the total number of individuals at a

colony). We did so because the recovery rates in the follow-

ing year (2004) were expected to be affected by that

parameter. Once again, we included the colony as a random

factor. We developed separate models for males and females

as a sex-biased susceptibility to malathion may occur (Maul

& Farris, 2004).

Finally, we studied whether the pesticide treatment influ-

enced the population size measured as the number of pairs

breeding at the colonies. For this purpose, we calculated the

increment in colony size (CS) between 2003 and 2004

(DCS=CS2004�CS2003; this variable was normally distrib-

uted, Shapiro–Wilk’s W-test; P40.05) and performed a

linear regression analysis with the proportion of treated area

within a 10 km radius of the colonies as an independent

variable.

Results

The proportion of treated area within a 6 km radius of the

colony had no effect on chick tarsus length. The period

showed a significant effect, indicating that those young that

were raised before the treatment grew larger tarsi. However,

this temporal effect was not merely due to laying date. The

interaction between period and proportion of the treated

area significantly affected tarsus length (Table 1). This
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Figure 1 Number of broods when fledglings were 30 days old along

the breeding season. The dashed line indicates the fumigation day.

Table 1 GLMMs for chick tarsus length and pectoral thickness

(normal error and identity link function), number of fledged young

(Poisson error and log-link function) and sex ratio at fledgling (binomial

error and logit link function) in relation to period (before and after the

fumigation treatment, entered as a factor), laying date and proportion

of treated area within a 6 km radius of the colonies (entered as

covariates)

d.f. F P

Tarsus length

Period 1, 90 6.58 0.012

Laying date 1, 90 0.49 0.486

Proportion of treated areaa 1, 90 0.11 0.739

Period� proportion of treated area 1, 90 9.77 0.002

Covariance parameter estimates:

Estimate� SE Z P

Colony identity 0 – –

Pectoral thickness

Period 1, 94 0.03 0.867

Laying date 1, 94 0.81 0.370

Proportion of treated areaa 1, 94 0.22 0.639

Period� proportion of treated area 1, 94 6.77 0.011

Covariance parameter estimates:

Estimate� SE Z P

Colony identity 0.279� 0.163 1.72 0.043

Number of fledglings

Period 1, 110 1.16 0.284

Laying date 1, 110 6.81 0.010

Proportion of treated areaa 1, 110 0.14 0.710

Period� proportion of treated area 1, 110 1.10 0.297

Covariance parameter estimates:

Estimate� SE Z P

Colony identity 0.002� 0.006 0.34 0.368

Sex ratio at fledgling

Period 1, 90 0.98 0.326

Laying date 1, 90 0.47 0.495

Proportion of treated areaa 1, 90 1.38 0.242

Period� proportion of treated area 1, 90 2.09 0.151

Covariance parameter estimates:

Estimate� SE Z P

Colony identity 0.325� 0.244 1.33 0.091

aProportion of treated area is arc-sin transformed.

Colony identity was included as random factor.

GLMM, generalized linear mixed models; SE, standard error.
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interaction is meaningful because fledgling tarsus length was

independent of the proportion of sprayed area before the

treatment, whereas there was a negative relationship be-

tween tarsus length and the proportion of sprayed area after

the malathion application (Fig. 2a). A similar analysis, with

pectoral thickness as a dependent variable, gave an identical

result for the interaction between the period and proportion

of treated area. The proportion of treated area only affected

negatively fledgling pectoral thickness in broods remaining

in the nests after spraying, but not in broods fledging before

the treatment (Fig. 2b). In this case, neither the period nor

the laying date had a significant effect on pectoral thickness

(Table 1). None of the analyzed variables affected sex ratio

at fledging (Table 1).

All chicks of three nests, in two different colonies located

within the treated area, were found dead in their respective

nests within 2 days following malathion treatment.

Although we did not measure malathion residues or choli-

nesterase inhibition in the carcasses, these isolated cases

seemed to be a direct consequence of the pesticide because

all these chicks were healthy some days before their demise.

Nevertheless, neither the proportion of treated area nor its

interaction with period had any significant statistical effect

on the number of fledged young, which was only negatively

affected by laying date (Table 1).

The recovery rate of adult males in the year following the

malathion treatment showed a negative relationship with

the proportion of treated area and the capture effectiveness

in 2004. However, no significant effect was found for adult

females (Table 2; Fig. 3). We tested whether the slope of the

association between recovering rates and proportion of

treated area differed between sexes. For this purpose, we

analyzed data for male and female survival all together,

including as predictors capture effectiveness and the inter-

action between the sex and proportion of the treated area.

After controlling for the effects of colony identity (included

as random factor: Z=0.1; P=0.460), we found that reco-

vering rates increased significantly with capture effectiveness

(F1,110=5.46; P=0.021) and the interaction between sex

and proportion of treated area was also significant

(F1,110=4.53; P=0.036). This interaction indicates that
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Figure 2 Fledgling tarsus length (a) and pectoral thickness (b) in

relation to the proportion of treated area within a 6 km radius of

the colony in the period before (filled circles, solid regression lines)

and after (open circles, dashed regression lines) the fumigation

treatment.

Table 2 GLMMs with binomial error and logit link function for recovery rates of male and female lesser kestrels Falco naumanni in relation with

the proportion of treated area within a 10 km radius of the colonies and capture effectiveness

Estimatea � SE
a d.f. F P

Males model

Intercept �3.087 1.606

Proportion of treated areab �3.438 1.483 1, 50 5.38 0.025

Capture effectiveness 4.458 2.311 1, 50 3.72 0.060

Covariance parameter estimates:

Estimate� SE Z P

Colony identity 0 – –

Females model

Intercept �0.308 0.266

Proportion of treated areab 1, 59 0.01 0.942

Capture effectiveness 1, 59 2.17 0.146

Covariance parameter estimates:

Estimate� SE Z P

Colony identity 0 – –

aOnly given for variables which entered the model.
bProportion of treated area is arc-sin transformed.

Colony identity was included as random factor.

GLMM, generalized linear mixed models; SE, standard error.
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the slope of the association between survival and proportion

of treated area differed between sexes (Fig. 3). Finally, there

was no relationship between the proportion of treated area

within a 10 km radius of the colony and the change in colony

size from 2003 to 2004 (F1,11=0.847; P=0.377).

Discussion

We found that malathion aerial application affects lesser

kestrel breeding performance. The pesticide treatment re-

duced fledgling quality (size and condition) but no effect was

detected on the number of fledged chicks. The aerial spray-

ing could have influenced fledgling quality negatively

through direct non-lethal toxic effects (Grue & Shipley,

1981; Day et al., 1995) or by reducing food availability

(mainly Orthoptera) along the nestling growth period

(Howe et al., 1996; Boatman et al., 2004; Morris et al.,

2005); a combination of both factors may have contributed

to the observed effects on breeding performance.

We did not study the extent of nestling exposure to the

insecticide but the presence of sprayed fields within the main

foraging areas of some colonies suggests the possibility of

negative effects of malathion application due to the con-

sumption of contaminated prey (Story & Cox, 2001). In our

study area, many grasshoppers were found dying or with

reduced mobility in the malathion-treated fields. These signs

are characteristic of OP poisoning (J. M. Aparicio, unpubl.

data). These OP-exposed grasshoppers are easier to capture

and adults could have preferentially fed on them as well as

delivered these insects to the chicks (Hunt et al., 1991, 1992).

Therefore, a secondary poisoning could have occurred and

may explain the reduced chick size and body condition in

those colonies with a higher proportion of treated area in

their surroundings. Similar sub-lethal OP effects on chicks

have been reported previously for other bird species (Grue &

Shipley, 1981). Although malathion has a short environ-

mental half-life and is rapidly eliminated, its pharmacologi-

cal effects (i.e. cholinesterase inhibition) can accumulate if

fledglings have been consuming prey-containing residues

over time. In addition, 2 days after aerial spraying, we found

that all of the chicks were dead in three nests from two

colonies within the treated area. This may have been caused

by acute poisoning. Death by starvation is unlikely, as no

signs of malnutrition were observed the previous week, and

all chicks were found dead inside the nest cavity, whereas

hungry chicks usually abandon their own nest to look for

adoptive parents (Tella et al., 1997).

For insectivorous species, like the lesser kestrel, indirect

pesticide effects on breeding performance can arise as a

result of a decrease in prey availability following insecticide

application (Howe et al., 1996; Boatman et al., 2004; Morris

et al., 2005). Several studies have found that food shortage

affects different breeding performance parameters (Trem-

blay et al., 2003) and this could account for the reduced

chick tarsus length and pectoral thickness in the affected

colonies. Malathion could also affect adult mortality and

behavior, which may in turn affect the chick quality if prey

deliveries decrease. The lower adult male recovery rates

reported in the treated areas suggest that enhanced male

mortality could have reduced chick-feeding rates. Further-

more, adult birds suffering sub-lethal OP effects can be

less efficient foragers (Millikin & Smith, 1990), potentially

affecting chick growth and body condition (Grue, Powell &

McChensney, 1982; Meyers, Cummings & Bennett, 1990).

The lack of effect of malathion on the number of fledged

chicks suggests that the effects of malathion treatment were

not, in this instance, sufficient to affect this reproductive

parameter. The rapid transformation of OP insecticides

inside the organism allows those individuals that recover

from the acute phase to survive (Story & Cox, 2001). On the

other hand, the decrease in prey availability following the

malathion spraying could have been strong enough to affect

chick growth and condition but not to reduce the number of

chicks. As found in other studies, when there is an initial

high quantity of prey, they still remain abundant after the

pesticide treatment even if their numbers are reduced (Pasc-

ual, 1994; Howe et al., 1996). The decrease in prey avail-

ability may not have reached the point of limiting brood

size, but it may have remained well below the threshold

necessary to raise chicks in optimum body condition (Trem-

blay et al., 2003).

The effects of malathion application on adult survival

were evident for males but not for females, suggesting a sex-

biased mortality. Colony change in adult lesser kestrels is

rare, independent of sex (Aparicio, 1997) or female-biased

(Serrano et al., 2001) so that the lower recovery rate for

males in relation with treatment is unlikely to be due to sex-

biased dispersal. The observed effect could be explained by

differences between sexes in the OP sensitivity due to gender

differences in the basal levels of cholinesterase activities,

metabolic rates and hormones (Rattner & Franson, 1984;

Moser, 2000; Wang, Schorer-Apelbaum &Weinstock, 2001;

Maul & Farris, 2004). Mortality from acute poisoning could

explain the observed male mortality, although other sub-

lethal malathion effects might have also played a role,

including lower foraging capacity (Story & Cox, 2001),

immunotoxicity (Galloway & Handy, 2003), behavioral
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disturbances (Walker, 2003) and higher predation rates

(Galindo et al., 1985; Buerger et al., 1991; Wilson et al.,

2001). Sexual differences in survival could also be caused by

loss of body condition, which could be equal between sexes,

but it could have caused higher mortality in males because

adult male survival is more dependent on body condition

than female survival in the lesser kestrel (Aparicio &

Cordero, 2001).

The change in colony size from 2003 to 2004 was

unaffected by the proportion of treated area. Either the

higher adult male mortality was insufficient to affect colony

size and/or the arrival of immigrants may have masked such

mortality. In recent years, the lesser kestrel has shown a

positive population trend in our study area and the growth

in some colonies is often limited by nest-site availability.

Consequently, nest sites released by dead individuals could

have been readily occupied by floaters, suggesting that

density-dependent compensatory responses may, at least

partially, have shaped the population-level pesticide effects

(Forbes & Calow, 2002; Schmidt, 2004).

Population consequences and implications
for conservation

The lesser kestrel is a globally threatened species that has

become rare across much of its range (Peet & Gallo-Orsi,

2000). This appears to be primarily due to a decline in prey

populations, linked with land-use changes (Tella et al., 1998;

Tella & Forero, 2000). Although the effects of biocide

applications on prey availability have been considered pre-

viously (Negro et al., 1993; Ursúa, Serrano & Tella, 2005),

less attention has been paid to the possible direct conse-

quences of pesticide applications (Negro et al., 1993). Our

results show that pesticide applications could be more

important in the pseudo-steppe bird population decline than

thought previously.

Reduced chick quality in malathion-treated areas could

reduce survival during the first year of life, as survival is

closely correlated with pectoral thickness (Aparicio & Cor-

dero, 2001). The lesser kestrel is highly philopatric and

reduced offspring survival could lead to population declines

if adult mortality exceeds juvenile recruitment rates (Hiraldo

et al., 1996). In addition, sex-biased effects can intensify the

consequences of bird mortality, especially for monogamous

species like the lesser kestrel, when the demand for the

affected sex exceeds its renewal (Ferrer & Hiraldo, 1992).

As sex-biased sensitivity to malathion is one possible

explanation of our results, this indicates the need for

considering the most sensitive sex in future hazard assess-

ment strategies (Maul & Farris, 2004). While the absence of

effect on population size appears to diminish the importance

of the fumigation treatment, it should be remembered that

population recovery after a pesticide-induced mortality

depends on the frequency of pesticide applications, the

remaining population size and the immigration and recruit-

ment rates (Story & Cox, 2001; Forbes & Calow, 2002).

Management measures should be focused on keeping

adequate non-treated buffer areas around the colony center

to avoid reducing prey populations and minimize the impact

of secondary poisoning (Burn, 2003). These areas should

include the main foraging places throughout the breeding

season (Tella et al., 1998; Bonal & Aparicio, 2001; Franco

et al., 2004). Our results and available data on the species’

home ranges suggest that pesticide applications should not

take place within a buffer area of a 10-km radius from the

colonies, although this may need to be adjusted in some

situations as foraging areas can vary depending on colony

size and local prey abundance.
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