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Summary

1. The expanding use of sefective pest-control agents provides a unique opportunity Lo study food
web interactions in the feld white addressing major environmental issucs. Bacilfus thuringiensis isra-
elensis (Biiy is the most commonly used microbial agent to control mosquitoes worldwide.

2. Using breeding house martins Defichon urbicunt as a mode) species, we assessed the effect of Bif
spraying on foraging rates and chick diet prior to and during 3 years of Bii spraying in the Camar-
gue, France. Some 9051 {eeding flights and 14 857 prey items were recorded in the early, mid and
late nesting season at up to three control and three treated sites. Breeding parameters were assessed
during | yearal lwo control and two treated sites.

3. Intake of Nematocera (Diptera sub-order including midges and mosquitoes) and their predators
(spiders and dragonflies) decreased significantly at treated sites, concurrently with increase of fiying
ant intake. Smali prey {<2:5 mm) were significantly more taken at treated sites, and large prey
(= 75 mm) al control sites, with lower [oraging rates at treated sites,

4, Ciutch size and fledgling survival were significantly lower at treated sites relative to control with
respectively 2-3 vs. 3-2 chicks produced per nest. Breeding success was positively correlated with
intake of Nematocera and their predatlors at the nest level.

5, No previous study has provided compelling evidence of Br7 affecting vertebrate populations fol-
lowing the suppression of prey species. Indirect effects caused by repeated application of Brf
through lood web interactions warrant more atlention,

6. Synthesis and applications. Bii is considered the most selective and least toxic agent currently
available to control mosquitoes. Mosquilo-control programmes should integrate non-biased
awareness campaigns and mitigation measures balancing the social demands for mosquito reduc-
tion with the factors invelved in mosquilo proliferation and dispersion. Such measures could consist
in improved wetland management; reduction in arcas and periods of Bui spraying; consideration of
alternatives o B spraying, such as mosquito traps; specific measures to reinforce animal popula-
tions affected by B¢i; and suspension of mosquito control in ecnvironmentally sensitive areas where
nalure preservation is a priofity.

Key-words: Buacillus thuringiensis israelensts, bird breeding success, cascading effect, Delichon
urbicum, diel assessment, food web perturbation, mosquito contrel, pesticide impact, trophic
interactions

Introduction

As the demonstration of ils specific acule toxicity o mosqui-
toes and black flies (Goldberg & Margalit 1977}, Bacilfus th-
ingiensis var. isreelensis, seroivpe HI4 (B} has become the
most commonly used imicrobial insecticide to control these pest
and vector species { Rowe, Margaritis & Wei 2008). B¢/ 1s con-

*Correspondence author, E-mail poulingetourduvalat.org

sidered non-toxic to humans, manmmals, birds, fish, plants and
mosl agualic organisms (Beisver! & Boisvert 2000; Lacey &
Merritl 2004). Significant effects on non-targel fauna are lai-
gely Himited to non-biting midges (Chironomidae) in kbora-
tory experiments or field studies using dosages above
recommended application rates (Boisverl & Boisvert 2000;
Lacey & Merritt 2004), Studies addressing the indirect effects
of Bacilfus thuringiensis on breeding birds are scanly and
showed no significant results {Hanowski er a/.1997; Holmes
1998; Sopuck, Ovaska & Whittington 2002). Neverthicless,
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owing to its selectivity, Bri is a good candidate to assess
the effects of trophic-web perturbation on breeding birds
that depends extensively on Bri-sensilive insects as a food
source.

The Rhone Delta or Camargue in southern France is a
mosaic of natural and human-modified ecosystems including
agricultural fields (mostly rice), marshes, reed beds, temporary
ponds, lagoons and salt pans spread over 145 000 ha. It is
located within the biodiversity hotspot of the Mediterranean
basin (Myers et al. 2000) and has over 1000 vascular plant and
400 bird species. To reduce the nuisance caused by biting mos-
quitoes to local populations and tourists, a control programme
encompassing 2500 of the 25000 ha of potential larval
biotopes was investigated through impact studies on the non-
target fauna by The Parc Naturel Régional de Camargue.
Since August 2006, Bri spraying (aqueous solution of Vecto-
Bac 12A5® at 2:5 L ha™') is systematically carried out, when-
ever Ochlerotatus caspius, Oc. detritus or Aedes vexans larvae
appear in natural or semi-natural water bodies that are regu-
larly monitored by technicians from the Entente Interdépart-
ementale de la Démoustication (EID), a public service in
charge of mosquito-control operations in France since 1965.
Treated areas are located within a maximal distance of 8-5 km
from the targeted zone, where mosquito nuisance is expected
to be reduced by 90%. Frequency of Bti spraying depends
upon meteorological conditions and water management, with
approximately a third of mosquito production being related to
human intervention on ecosystem hydrology. In any 1 year,
the same water body may be sprayed more than once, depend-
ing on the monitoring results. For instance, 29, 46, and 41 aer-
ial treatments representing a cumulative total of 3831, 5093
and 5282 ha were carried out in 2007, 2008 and 2009, respec-
tively. These treatments refer to the area enclosing the sites of
Salin-de-Giraud and Port Saint-Louis, as no information is
currently available for the treated area of Pin de Fourcat
(Table 1).

The house martin Delichon urbicum L. was selected as a
model species for assessing the indirect impacts of Bii through
the food web. This migratory aerial insectivore breeds colo-
nially in human-inhabited areas. It feeds upon various arthro-
pod species including Nematocera that are caught on the wing
within 450 m from nesting site (Bryant 1973; Bryant & Turner
1982).
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Materials and methods

Nestling diet was assessed at Sambuc (control) and Salin-de-Giraud
(treated) sites in June 2006 before the first Bti treatments, and contin-
ued to 2009 with an equal number of control and treated sites increas-
ing from 1 (2007) to 2 (2008) and 3 (2009). The colonies studied were
at least 5 km distant from each other, located on houses within
villages or large rural estates composed of several buildings and
surrounded by both mosquito-producing aquatic habitats and agri-
cultural land (Table 1). At each site, two faeces were collected from
below ten nests, once in 2006 (mid-June) and once in each of three
periods (early June, mid-June and early July) in 2007-2009, yielding
380 faecal samples and 14 857 prey items identified to order or sub-
order. The two faecal samples were homogenized into one sample of
which 50% was carefully scanned for prey sorting. Prey identification
was based mainly on cuticular parts of heads. Prey digestibility varies
among taxa (Jenni, Reutiman & Jenni-Eiermann 1990), but this bias
was constant across sites. Prey size was estimated at 2-5- or 5-mm
interval classes using a reference collection.

Foraging rates (N = 9051 observations) were assessed under rain-
less and windless conditions at all colonies by counting the number of
flights that concluded with chick feeding from 18:00 to 20:00 h, a per-
iod during which foraging activity was shown to be high and constant
in 2006 (B. Poulin & G. Lefebvre, unpublished data). Foraging rates
were monitored during one afternoon at the same ten nests and three
periods as those used for diet assessment from 2007 through 2009.

All the nests (N = 68) accessible from a ladder (<8 m above-
ground) at two control and two treated sites (Table 1) were checked
twice a week from 11 May to 17 August 2009 using an endoscope
(Ridgid Seesnake micro inspection camera with camera head of
9-5 mm diameter, Elyria, USA). The frequency of nest visits was a
comproimise between precision in estimation of breeding parameters
and nest disturbance. We estimated laying date, clutch size, hatching
success and number of fledglings (number of chicks alive on the last
nest visit before fledgling) of all breeding attempts (¥ = 105).

STATISTICAL ANALYSES

Bii effects were estimated through Generalized Linear Models using a
nested-design anova. For diet comparisons, year, site and period were
nested in treatment, and because nests were not necessarily occupied
by the same individuals on consecutive years, this factor was nested in
year. These analyses were performed on overall prey taxa and size, as
well as individually for each prey taxa and size category. Foraging
rates were compared using anovas with year, period and site nested
in treatment. Breeding parameters were normally distributed
(Q-Q-plots) and compared using anovas with sites nested in treatment.

Table 1. Situation and size of the house

martin colonies studied in Camargue, France No. of nests
in 2009, giving the proportion of mosquito- % Mosquito- Total no. of  surveyed
producing habitat within a 400-m radius, Colony sites Situation producing habitat  nests in 2009  in 2009
as estimated by the Entente Interdépart-
ementale de la démoustication (EID) Control

Sambuc Town 24 94 18

Saint-Andiol Town + rural 35 78 0

estate
Armelliére Rural estate 13 26 12
Treated

Salin-de-Giraud Town 19 130 14

Port Saint-Louis  Town 32 31 24

Pin Fourcat Rural estate 28 59 1]
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When mualtiple tests were carried owt, the £ values were cor
rected according to the Hohm-Bonferroni method (Holm 1979). The
contrilution of Bri-depressed prey Lo breeding suecess at the brood
level was assessed with an alk-effects Generalized Regression Model.

Results

Before the start of B treatments in 2006, prey laxa
(Fisany = 243, P = 0:09) and size (Fgp3) = 048, P = 081
did nol differ between the control and “treated’ site. From
2007, differences in diet were observed sysiemalically between
these (wo sites, as well as between any possible pairwise combi-
nation (N = 15) of one treated site and one contrel site sam-
pled within a same year (avovas, corrected P < (:02), The
probability of no difference in both prey size and taxa in 2000
s only /15 x 1715 = 0004, Overall, By reatments
uccounied for 58% and 63% of the variance observed in prey
taxa (Foqpy = 1428, P < 00001) and size (Fg3qy = 1720,
P o< 0:0001), respectively (Fig. 1), Nematocera, Araneae and
Odonata were taken significantly more often at control sites,
whereas Hymenoptera (flying ants) accounted for a larger por-
tion of the diel at treated sites (Table 2). Flying ants were also
a common prey al control siles, and their intake increased
gradually  over the nesting scason  (Fz 99 = 984,
P o< 00001, r = 0998, d.0. = 2, P = 0:04) to reach a peak
during the fiedging period in early July. This trend was nol
observed al treated sites (Fo7m = 621, P = 0002
o= 0719, df. = 2, P = 0431), where ant intake reached a
peak during the chick-rearing period in mid-June (Fig. 2). Bri
treatments also affected prey size with more small prey
(<25 mm) laken al treated sites and more large prey
(> 7-5 mm) taken at conlrol siles (Table 2).

Foraging rates were influenced by Bri trealments
(Fassg = 493, P = 0027) and periods (Fjas0 = 440,

70
B Prey taxa

60-| i Prey size

Ny o) = h
o o < <
i I 1 H

Percentage of variance explained
>
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Year Pariod Site Nest

Treatment

Fig. L. Proportion of the variance explained by year, period, site, sest
and Ba treatment on prey taxa and size found in facces of nestliags
from the colonies studied in 2007, 2008 and 2009, All variables sigeii-
cant (nested axova, P < 0001 exceptnest (P > 0-29).

P = (+002), which accounted respectively for 41-2% and
368% of the variance observed belween trealed and conwol
sites. Foraging rates were significantly lower at treated sites
and during Lhe fledging period at all sites (Fig. 3).

Mean laying date and hatching success of the first brood
were similar at control (15 May, 80% ) and treated (15 May,
75%) sites, but clulch size (Fiygey = 848, P < 0:003) and
number of young fiedged (¥ 6q) = 1503, P < 0-0002) were
smaller at treated sites (Fig. 4), with B¢ treatment accounting
lor 99% of the variance observed relative to site. In spite of a
targer proportion of second clutches al treated sites (40% vs.
63%), overzll breeding success remaied significantly lower
(Fiion = 848, P < 0005) with 2-32 4+ (-21 {mean + SE}
chicks fledged per nest on average al trexled sites compared

Table 2. Diet of house marting in the Camargue at all sites studied from 2007 1o 2009

Control sites Trealed sites

Nesting diet Mean £ SE Mean + SE Faaim P Corrected P Y Varunce

Prey laxa
Hymenoptera (ants) 9-09 £ 0-66 1570 = 114 972 0002 * 444
Coleoptera 11-54 & (54 949 & 056 020 0-660 7
Homoptera 096 + 009 0-82 = 012 186 0170 16
Heteroplera 138 & 013 51 = 014 £30 0-250 80
Hymenoptera (wasps) 210 £ 018 270 = 030 662 0015 261
Dipera (Nematocera) 1525 % 146 304 & (55 2293 < Q0001 HRE 729
Diptera (others) 072 £ 017 038 = G607 463 0030 54-5
Odonata 094 & 005 027 £ 003 7297 <0-0001 wE 942
Araneae 0-46 4 008 010 & 003 865 G003 * 382

Prey size
025 mm 129 & 042 2:57 4 029 18:80 < 00001 ek 491
2550 mm 1966 & (-54 1395 &+ 0-94 274 0098 184
50-7-5 mm 1435 &+ 056 1573 & 103 006 0810 03
7-5-10 mm 577 k033 338 &+ 024 2240 < 00001 ww 817
10-15 mm 0-01 & 012 013 + 003 11-62 0-0007 w0 336
> 13 mm 100 & 003 032 @ 04 3794 < {0001 i 928

Mean number of items per sample (N = 380) are provided for each prey taxa and size at the control and treated sites, with the propor-
tion of variance explained by treatment relative Lo site, period, year and nest {nested anova). Bonferroni-corrected values wre *P < 005;

BEEL < (001,
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Fig. 2. Vanation in the mean number{ £ 95% C1) of fiying ants taken
over the nesting period al control {filled circles) and reated (open
squares) sites during the 3 years of B spraying.
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Fig. 3. Variation in mean foraging rates ( £ 93% C1) over the nesting
period at contro! (Hed circles) and treated (open squares) sites during

the 3 years of Bispraving.
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Fig. 4, Number of eggs and chicks from the first brood and the
number of chicks produced from all breeding atlempts at control
(filled circles) and treated (open squares) sites in 2009, Data are means
+95% C1.
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10 323 & (92 chicks al conlrol sites (Fig. 4). The intake of
Nemuatocera, Arancae and Qdonata was correlated with over-
all breeding success at the brood level across all sies
(R = 0518 d.f = 3,36: P = 001} and al contlrol sites alone
(R = 0-683;d.0 = 3,16, P < 0:03).

Discussion

The biceding biology and foraging ecology of swallows and of
house marting, in particular, is well studied (Bryant 1975, 1978,
1979: Bryant & Gardiner 1979). The breeding success of these
shori-lived species is largely infiuenced by food abundance and
foraging conditions that are affceted by weather (Bryant &
Westerterp 1983; Turner 1983b). Food selection is mostly
reiated to prey size, with larger prey being more energetically
profitable (Bryant 1973; Turner 1982; Quinney & Ankney
19853,

In our study, the lower intake of Nematocera at {reated sites
i presumably related to a locally lower abundance of these
Bti-sensitive insects. Because Odonata and Araneas are
favourite prey of swallows” nestlings (Foelix 1996; McCarty &
Winkler 1599), and major predators of Nematocera {Foelix
10G6; Corbet 1999), their lower intake at treated sites suggests
an indirect effect of Bei treatments through the food web. The
lower intake of Nematoceru af treated sites was mostly com-
pensated by a bigher intake of flying ands, an insect prey unre-
tated Lo aquatic ecosystems. Considering that the amount of
food {bolus) per foraging trip is refatively constant o house
maztins and that foraging distance is inversely correlated with
insect abundance (Bryant & Turner 1982), the lower foraging
rates observed at treated sites suggests lower food availability,
with ants acting as a substilite for Nematocera rather than
being a prelerred prey by house martins. Fiying anls area regu-
lar food source for swallows, including house martins (Bryanl
1973), but they are generally taken more by adults than nes-
tlings (Turner 1983a), possibly because of their high chitin cen-
tent (Redford & Dorea 1984). The increasing intake of fiving
ants at control sites over the nesting period may be associaled
with improved assimilation efiiciency by growing chicks.

Clutch size i birds i considered a good indicator of a
female’s energy level, and is correlated with food abundance
i swallows (Ward & Bryant 2006). Breeding aclivities of
house marting often start a month afler spring arrival, being
triggered by food asbundance (Bryant 1973). The synchro-
nous nesting activities al all sites suggesis that current food
level allowed the initiation of breeding, butl that scarcity of
food al treated sites limited the aumber of eggs in the brood.
The impacts were compounded during the chick-rearing per-
iod, when food demands are highest {Bryant 1979), The
mosl likely explanation for the decreused fledging success at
treated sites is chick starvation. None of the nests surveyed
were perforated or partially destroyed by predators, and
many chicks missing from broods were found dead below
the nests. The higher proportion of second clutches at tren-
ted sites did not compensate [or the lower reproductive suc-
cess of the first brooding attempt. Female house marting
that rear two broods within a nesting scason survive less well
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than singte-brooded ones (Bryant 1979), suggesting that B4
spraying could also affect adult survival, although to a lesser
extenl than chick survival. Breeding parameters were esti-
mated during a single year, but the correlation between
house martin breeding success and the intake of Nemalto-
cera, Araneae and Qdonata, which was consistently lower at
treaded sites throughoul the study period, reinforced the link
between Bt treatiments and reproductive success.

The Camargue is characterized by highly variable rainfall
within and between years, as well as variable hydrological
regimes among managed wetlands {Chauvelon 2009). Yel the
comparison of treated and control sites revealed a stronger
effect of Bii spraying than year, site and period altogether on
prey laxonomy and size. The effect of Bri on bird diet is proba-
bly enhanced by the relatively low arthropod diversity of
haman-occupied areas that in {urn reduces the number of
potential alternative prey (Borrvall, Ebenman & fonsson 2001,
Lacey & Merritt 2004). However, considering the major role of
Nematocera in wetland food webs, at both larval and adalt
stages (Armitage, Cranston & Pinder 1994; Batzer & Wissinger
1996}, Bri spraying could have similar impacts on other verte-
brates who depend on wetland ecosystems. Laboratory-
derived data are useful for determining the polential risks to
non-larget species, bul in sitw studies are necessary to examine
the interactions among species #nd trophic levels (Blus &
Henny 1997; Relyea & Hoverman 2006). Most field sludies
have failed (0 demonstrate short or long term effects of B/ on
non-target species, but indirect effects have received little
attention so far (reviewed in Boisvert & Boisvert 2000 aund
Lacey & Merritt 2004; bul see Cabello de Alba 2002). The
Camargue provides excellent experimental conditions for
investigaling indirect effects of Bi spraying with a globally
ligh density of Nematocera, including sites that were nel B/
sprayed, and a sustained reduction of mesquito density alter
the initiation of Bri spraying.

The detrimental effects of chemical insecticides on the envi-
ronment and human health have fed to the call for bielogical
allernatives such as B thuringiensis, which is increasingly used
worldwide (o conlrol insects with 13 000 1ons spraved annu-
ally (Rowe, Margaritis & Wei 2008). The potential of B for
persisience, proliferation and residual toxicity has recently
been demonstrated (Tilquin ef «f. 2008). Our work suggests
thal widespread spraying with 87 can have substantial effects
on the demograply of insectivorous birds. Cascade effects
caused by rvepeated application of B¢ and other pesticides
(Hart ef al. 2006) warrant more attention. The expanding use
of selective pesl-control ugents provides a unigque opportunity
for community ecologists (o sludy food web interactions in the
field while addressing major environmenta! issucs related to
ecosystem services and biodiversity (Knight er af. 2005).

Mosguito-control in response to a public demand for
increased comlort also provides an opportunity for implement-
g an adjustive management approach that integrates the evo-
fulion of public values and preferences (Maris & Béchet 2010).
A negalive value can be ascribed (o mosquitoes and u positive
value to Bri-control if the latter is considered barmless 1o the
non-largel fauna. However, a demonstrated impact of Bi

showing the positive contribution of mosquiloes 1o local biedi-
versity could modily these vatues. Bt is therefore important to
implement non-biased awareness campaigns about mosquilo-
control effects and costs, and o adjust mosquito-conrol
planning in the light of potentially changing values given to
biodiversily.

Concluding remarks

Bii is considered the most selective and least loxic agenl
currently available to control mosquitoes. This study demon-
strates that B applications at recommended rales, and applied
1o water bodies within 4 days of the appesrance of mosguito
larvae, have detectabie effects at higher trophic levels, ulti-
mately affecting vertebrate populations, Mosquito-control
programmes should integrate the factors involved in mosquite
profiferation (ratural vs. anthropogenic), the dispersal proba-
bilities of mosquitoes, the social demands for mosquito reduc-
tion, and the preservation of sensitive areas and species, This
could result in various mitigation measuzes such as: (i) modifi-
cation of wetland management to H#mit mosqguito profiferation,
especially under hydrological conditions that de not benefit
the non-target fauna or stakeholders; (ii) improved drainage in
urban and semi-urban areas 10 counteract unintentional prac-
tices thal favour mosquito proliferation; (iif) selection of the
mosquito-controlled area as a trade off between the acceptable
degree of nuisance in the targel zone and the environmental
impacts in the surrounding treated habitats; {iv) potential limi-
tation in the periods of mosquito conlrol taking into account
the energetic demands of the non-target fauna and the socio-
economic pressure for mosquito reduction, as they both vary
over time and are not necessarily synchronous; (v) consider-
ation of alternatives o B spraying, such as mosquito traps,
which target the area of mosquito nuisance { <04 ha) rather
the area of mosquito production, with effects limited to biting
insects (gravid females); (vi) specific measures (o reinforee vul-
nerable animal populations affected by B¢ for swallows this
could include the instailation of artificial nests (o favour breed-
ing in Nematocera-rich non-treated areas; and {vii) suspension
of mosquilo control i environmentally sensitive areas where
nature preservation is a priority and mosquitoes are nol
involved in fransmission of human diseases,
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