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Abstract

Large-scale field studies on the ecological effects of aerial forest spraying often face methodological challenges, 
such as insufficient funding, difficult logistics, and legal obstacles. The resulting routine use of underpowered 
designs could lead to a systematic underestimation of insecticide effects on nontarget arthropod communities. 
We tested the use of an Unmanned Aerial Vehicles (UAVs) for experimental insecticide applications at tree level 
to increase replication in cost-efficient way. We assessed the effects of two forestry insecticides, diflubenzuron 
(DFB) and tebufenozide (TBF), on the oak defoliator, Thaumetopoea processionea (Linnaeus)  (Lepidoptera: 
Thaumetopoeidae), and on nontarget, tree-living Lepidoptera. Individual trees were sprayed with either in-
secticide or left unsprayed, in a fully factorial design involving 60 trees. Caterpillars fallen from tree crowns 
were sampled as a measure of mortality, while caterpillar feeding activity was monitored by collecting frass 
droppings. Both DFB and TBF led to greater mortality of T. processionea and lower Lepidoptera feeding activity 
than control levels. TBF caused measurable mortality in nontarget groups, affecting Macrolepidoptera more 
strongly than Microlepidoptera, while there was no significant side effect of DFB. The high treatment efficacy 
against the target pest indicates that UAV technology is well-suited for the application of insecticide in forests. 
We detected distinct responses to different insecticides among nontarget groups and suggest there is an influ-
ence of application timing and biological traits in these differences, emphasizing the need for more ecologically 
orientated risk assessment. UAV-supported designs can be used to link laboratory bioassays and large-scale 
experiments, allowing for more comprehensive assessments of insecticide effects in forest ecosystems.
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Defoliation of trees by insect herbivores is a major issue in tem-
perate forests worldwide, causing substantial economic loss 
every year. For example, large-scale outbreaks of the gypsy moth 
Lymantria dispar (Linnaeus)  (Lepidoptera: Erebidae) in North 
America generate an estimated annual cost of US$3.2 billion 
(Bradshaw et  al. 2016). The economic cost might rise further as 
climate change and invasive species are expected to intensify the 
impacts of insect outbreaks (Seidl et al. 2011). Indeed, during the 
last decades, increases in frequency, severity, and distribution range 
of defoliator outbreaks, often associated with higher temperatures, 
were reported for several notable pest species in the Holarctic re-
gion (Pureswaran et al. 2018). In this context, recourse to aerial in-
secticide treatments by manned aircraft to combat such outbreaks 
is likely to become more frequent. Throughout the 1950s and 

1960s, Dichlorodiphényltrichloroéthane (DDT) was widely used in 
Europe and North America against defoliating insects in forests. 
Due to growing concerns about its environmental impacts, DDT 
was gradually banned and replaced by various contact insecticides, 
mostly organophosphates and carbamates. During the 1980s, these 
were progressively replaced by substances with a narrower spec-
trum of action and low contact activity, such as insect growth 
regulators and commercial formulations of the microbial insecti-
cide Bacillus thuringiensis Berliner (Liebhold and McManus 1999, 
Holmes and MacQuarrie 2016, Prien 2016). Nevertheless, aerial 
application in forests remains a controversial practice, notably for 
its adverse effects on nontarget folivorous insects, which may in-
clude endangered species protected by national or international 
regulations (Schweitzer 2004). Hence, addressing the ecological 
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effects of these management operations is an essential challenge for 
future forest conservation.

Assessments of the effects of insecticide on an organism must 
integrate the two main components of its susceptibility: 1) physio-
logical sensitivity, which relates to toxicological mechanisms leading 
to lethal or sublethal effects on the organism; 2)  ecological sensi-
tivity, which refers to elements of the biology of the organism that 
mediate its exposure to the toxicant in situ (Kefford et al. 2012), i.e., 
when and how the organism is exposed to the insecticide during its 
life cycle. While physiological sensitivity is typically determined in 
single-species laboratory bioassays, ecological sensitivity needs to be 
assessed under field conditions. Additionally, laboratory trials typ-
ically focus on economically important pests, such that the physio-
logical sensitivity of nontarget organisms, in particular rare and 
endangered species, is poorly documented.

Practical obstacles often hamper the design of appropriate field 
studies, leading to widespread use of underpowered study designs 
(e.g., Martinat et al. 1988, Sample et al. 1993, Wagner et al. 1996, 
Butler et al. 1997b, Schönfeld et al. 2005).

First, aerial applications usually occur over large areas, such that 
the selection of comparable treatment and control sites is challenged 
by accessibility, complicated logistics, and high heterogeneity among 
sites (Cadogan and de Groot 1995). Moreover, extensive population 
survey data on the target pest, required for experimental site selec-
tion, rarely cover a sufficient area. As a result, ‘opportunistic’ experi-
ments, in which data are collected following an operational spraying 
campaign, are commonplace (e.g., Sample et  al. 1993, Schönfeld 
et  al. 2005). Study designs of such experiments often violate the 
principle of interspersion of experimental units (Hurlbert 1984), as 
the plot selection is constrained by the operational application plan: 
sprayed plots cannot be randomly selected and are instead clustered 
within a single treatment block, while additional areas outside of the 
treatment block are used as controls. Such pseudoreplicated designs 
present serious risks of biased interpretation of results due to a priori 
differences between treated and control plots.

Second, experimental designs with true replicates are mostly re-
stricted to efficacy trials (Cadogan and Scharbach 2003). Because the 
expected effects of an insecticide on the target organisms are high, 
efficacy trials only need a small number of replicates, in particular 
as the aim of the experiment is to find a treatment effect (Cadogan 
and de Groot 1995). In contrast, the aim of nontarget studies is to 
demonstrate the absence of an insecticide effect, for which a higher 
statistical power is required. Furthermore, the magnitude of side ef-
fects is generally unknown and may greatly differ among different 
nontarget organisms. All these reasons point to the need of a sub-
stantial number of replicates for ecologically orientated field ex-
periments with insecticides. However, this can rarely be achieved 
because of the high costs of aerial spray trials relatively to available 
funds, such that experiments are often hampered by heterogeneity 
resulting from insufficient replication (Wagner et al. 1996).

Third, many countries strictly regulate aerial application. For ex-
ample, the practice is generally prohibited in the European Union, 
and derogations are granted only when a serious threat to forest 
resources and the absence of alternative management options are 
documented (Official Journal of the European Union 2009). Thus, 
in nonoutbreak situations, it is nearly impossible to obtain the per-
mission for aerial spray trials in a large number of areas. As forest 
owners are rarely willing to risk economic losses for scientific pur-
poses, it is challenging to find comparable unsprayed control sites 
during outbreaks.

Unmanned Aerial Vehicles (UAVs) are unpiloted aircrafts that 
can be either remotely controlled or flown autonomously following 

a preprogrammed path. This technology is increasingly used in preci-
sion agriculture to carry on monitoring and management tasks such 
as seeding, irrigation or delivery of pesticides or fertilizers to crop 
fields (Huang et al. 2013). In the peer-reviewed scientific literature, 
reports on forestry applications of UAVs are so far restricted to the 
acquisition of remote sensing data for monitoring purposes (Torresan 
et al. 2017). However, in recent years, an increasing number of sci-
entific projects has begun to address the use of UAVs for pest control 
in trees (e.g., Bouyé 2014, Ramondenc 2017, DuPont 2018, Riopel 
2018). Because of their ability to spray at very small scale, UAVs 
appear to be a promising tool for conducting cost-effective aerial 
spray trials in forests. In addition to the low cost of flying UAVs in 
comparison to manned aircraft, the technology allows for highly tar-
geted spraying of very small areas such as crowns of individual trees. 
This offers the possibility to design resource-efficient experiments 
comprising large numbers of replicates, hence allowing collection of 
more comprehensive data on the side effects of insecticides in forest 
ecosystems.

In this study, we explored the use of UAVs as spraying devices in 
experiments addressing the side effects of aerially sprayed insecti-
cides in forest ecosystems. To evaluate the adequacy of the method, 
we implemented it in a deciduous oak forest with a predicted out-
break of the oak processionary moth Thaumetopoea processionea 
(Linnaeus) (Lepidoptera: Thaumetopoeidae), in southern Germany. 
We aimed to determine whether UAV-mediated spraying at the tree 
level allows detection of target and side effects of two standard 
forest protection products used against the same spectrum of phyt-
ophagous insects. We further analyzed whether observed effects are 
consistent with findings reported in large-scale studies.

Materials and Methods

Study Site
This study was conducted in the 80 ha-stand Greutholz near the 
village of Willanzheim (Lower Franconia, Bavaria, Germany; 
49.6919°N, 10.2409°E; Fig. 1). The topography is hilly with ele-
vations ranging from 245 to 278 m. Predominant tree species were 
sessile oak Quercus petraea (Matt.) Liebl., pedunculate oak Quercus 
robur L., and common hornbeam Carpinus betulus L. Main under-
story species were common hornbeam C.  betulus, common hazel 
Corylus  avellane L., and field maple Acer campestre L. The main 
leaf-chewing insect pests (henceforth defoliators) of this forest 
type are the gypsy moth L.  dispar, the winter moth Operophtera 
brumata (Linnaeus) (Lepidoptera: Geometridae), the green oak leaf 
roller Tortrix viridana (Linnaeus)  (Lepidoptera: Tortricidae), and 
the oak processionary moth T. processionea. The stand was selected 
based on the results of population surveys conducted in February 
and March 2016 by the Bavarian State Institute for Forests and 
Silviculture (Bayerische Landesanstalt für Wald und Forstwirtschaft; 
LWF) which forecast high densities of T. processionea for 2016. In 
high risk areas, such surveys are conducted yearly by forest man-
agers to determine whether insecticides should be applied locally 
as a foliage protection measure, based on empirically determined 
threshold values (see Bublitz 2016 for the monitoring protocol).

The type of management practiced in this stand was coppice with 
standards, which involves partial cuttings of preselected mature oak 
trees, understory clearing, and harvest of regrown young stems for 
firewood, with a rotation period of 30 yr. This traditional manage-
ment results in an open forest structure with sparsely distributed ma-
ture trees embedded in a shrubby matrix. As the eastern part of the 
forest was not recently harvested, it showed a clear contrast with the 
western part with regards to density of the understory vegetation. 

Journal of Economic Entomology, 2019, Vol. 112, No. 6 2687
D

ow
nloaded from

 https://academ
ic.oup.com

/jee/article-abstract/112/6/2686/5556961 by Lib4R
I Eaw

ag user on 06 April 2020



Therefore, the experiment was conducted only in the eastern part 
to avoid high heterogeneity between blocks of the western and the 
eastern areas (Fig. 1).

Experimental Design
We designed our experiment to meet the following requirements: 1) a 
minimum of two insecticides in addition to a no-spray-control, to as-
sess the possibility of detecting differences in side effects between 
insecticides; 2)  insecticides for which efficacy against the selected 
forest defoliators had already been demonstrated; 3) a targeted se-
lection of trees for spraying (i.e., with high and low level of attack) 
to control as far as possible for the effects of natural variation in 
Lepidoptera defoliation among trees; 4) sufficient replication to be 
able to detect relatively small side effects (i.e., a 50% increase in 
mortality with a power of β = 0.8).

Insecticide treatments
The insect growth regulators diflubenzuron (DFB) and tebufenozide 
(TBF) were selected for the experiment. Both DFB and TBF interact 
with the moulting of arthropod larvae but differ in the known spec-
trum of taxa that they affect: DFB is toxic to larval stages of all 
arthropods (Durkin 2004), whereas TBF has been shown in labora-
tory studies to exclusively affect Lepidoptera larvae (Durkin and 
Klotzbach 2004). DFB is a benzoylurea insecticide which inhibits 
the production of chitin, leading to the death of juvenile arthropods 
at their next molt following ingestion of a lethal dose (Maas et al. 
1981). It has been widely used in forestry throughout the 1980s, 
particularly in the United States to combat L. dispar, but its use was 
progressively phased out with the development of B.  thuringiensis 
products (Liebhold and McManus 1999). It has been successfully 
applied in Bavaria, Germany, against various forest defoliators be-
tween 1979 and 2014 (G. Lobinger, unpublished data). However, 

the license expired in 2014 (Gößwein and Triebenbacher 2015) and 
was not renewed due to concerns over the carcinogenic nature of the 
DFB metabolite 4-chloroaniline (European Food Safety Authority 
2012). TBF is a bishydrazide juvenile hormone agonist which trig-
gers a premature, lethal molt in Lepidoptera larvae after ingestion 
of a lethal dose (Wing et al. 1988). Its high field efficacy has been 
demonstrated for various forest lepidopteran defoliators (e.g., Webb 
et al. 1998, Cadogan et al. 2005). TBF was approved for use at the 
federal level in Australia, the European Union, Canada, and the 
United States (Pest Management Regulatory Agency 2019), though 
registration status varies among states (Holmes and MacQuarrie 
2016). In Germany, TBF was licensed as a replacement for DFB and, 
as of 2019, is one of four insecticides registered for aerial application 
in forestry at the national level, together with the contact pyreth-
roid lambda-cyhalothrin and two B. thuringiensis products (variants 
kurstaki and aizawai) (Federal Office of Consumer Protection and 
Food Safety 2019).

Prespray density of defoliators
Experimental trees were selected on the basis of a tree-level assess-
ment of the density of oak defoliators (‘prespray density’) conducted 
between 4 and 18 May 2016. The number of frass pellets dropping 
from the crown (henceforth frass droppings) was used as a proxy for 
the density of caterpillars (i.e., Lepidoptera larvae) actively feeding 
in the crown (Fischbacher et  al. 1998). Frass droppings were col-
lected on rectangular wooden plates covered with a sheet of baking 
paper sprayed with insect glue. One plate was exposed below the 
crown of a mature oak tree, i.e., diameter at breast height greater 
than 35 cm, for 4–6 d. We positioned each plate so that its entire 
surface was covered by the focal tree crown, with no overlap with 
crown of other trees and understory vegetation. Frass pellets were 
counted on a 20 cm2 (4 cm × 5 cm) sample. Each assessed tree was 

Fig. 1. Location of the study site and map of the experimental design. The pin on the map on the top right corner indicates the location of the study site in 
Germany. The hatched area indicates the dense area in the forest (i.e., no recent harvest of the understory vegetation). Black (TBF) and gray (DFB) points indicate 
sprayed trees, white points indicate unsprayed control trees. Point shape indicates different prespray density (square: high; circle: low). Blocks are illustrated 
with dashed-outlined rectangles.
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then assigned to one of three prespray insect density classes: ‘low’ 
(less than 20 frass pellets per sample and day), ‘medium’ (20–35), 
and ‘high’ (more than 35). Medium density trees were excluded. 
Overall, prespray density was assessed in 122 trees, 60 of which (30 
low and 30 high) were included in the final design (Fig. 1). Only trees 
assessed on the same days were included in a single block.

Blocking
The experiment was designed as a fully factorial randomized block 
design with three levels of insecticide treatment (DFB, TBF, control) 
and two levels of prespray density (high, low). One block consisted 
of one tree per combination of insecticide treatment and prespray 
density (i.e., six trees per block). Within-block distance between 
trees was at least 15 m and at most 160 m. In total, 10 blocks (60 
trees) were selected. A power analysis performed with the function 
‘powerCurve’ of the simr R package (Green and MacLeod 2016) 
showed that this number of replicates achieves a power of 0.89 for 
detection of a relatively small insecticide effect on Lepidoptera mor-
tality (Supp Appendix A, Fig. A-1 [online only]).

Insecticide Application
One tree in each block was randomly selected for one of the three 
treatment levels (DFB, TBF, and unsprayed control), separately for 
each prespray density class (high, low) (Fig. 1). DFB was applied 
as Dimilin 80WG (Spiess-Urania Chemicals GmbH, Hamburg, 
Germany; 800 g/kg active ingredient [a.i.]) at a rate of 15 g/ha, the 
standard application rate in Bavaria (Skatulla and Lobinger 1995, 
Petercord and Lobinger 2010). TBF was applied as Mimic (Spiess-
Urania Chemicals GmbH; 240  g/liter a.i.) at a standard rate of 
290 ml/ha (Valent Biosciences Corporation 2015). The amount of 
solution applied to each tree was fixed and based on an estimated 
average crown projection area of 100 m2. Insecticide application was 
carried out between 12 and 21 May 2016 to maximize treatment 
efficacy against T. processionea, taking into account factors such as 
the development stage of oak leaves, the biology of T. processionea, 
and the properties of the insecticides (e.g., route of entry, speed 
of action). Treatments were applied by use of an electric-powered 
single-rotor helicopter UAV (Sitar Simpel, Innsbruck, Austria; and 
Helicopter-Service Freimut Stephan, Rhaunen, Germany) equipped 
for spray operations with a 7.5-liter electric pump and four injector 
nozzles (Airmix 110-05, Sames Kremlin, Plymouth, MI). Spray 
flights were conducted in dry conditions and when the wind speed 
did not exceed 2.5 m/s. The UAV was flown at stable speed above 
the top of the crown in circles from the outer edge to the inside to 
ensure an even droplet distribution over the entire crown area. The 
spraying operation spanned over 9 d and proceeded block-wise (i.e., 
all treatment trees from a same block were sprayed on the same day), 
so that variation in the cumulative number of fallen caterpillars and 
frass among trees that is due to differences in total exposure time 
would be controlled by blocking.

Caterpillar Mortality and Feeding Activity
We collected caterpillars falling from tree crowns to use their 
number as a proxy for mortality. We placed one 3-m2 polyester tar-
paulin below the crown of each tree such that its entire surface was 
covered by the target tree crown, and did not overlap with crowns 
of other trees or understory vegetation. The sheets were attached to 
the top of 30-cm-high wooden poles fixed to the ground to prevent 
predation from rodents, ants, or ground beetles. A stone was placed 
in the center of each sheet where multiple small holes were pierced 
for rainwater drainage. Caterpillars were sampled daily during the 

treatment application period (12–21 May 2016; Supp Appendix B, 
Table B-1 [online only]; Supp Appendix E, Fig. E-1 [online only]), 
but only samples collected on already sprayed trees were kept. 
After spraying was completed on all blocks (21 May 2016), sam-
pling was conducted twice per week for 3 wk (until 9 June 2016; 
Supp Appendix B, Table B-1 [online only]; Supp Appendix E, Fig. 
E-1 [online only]). Caterpillars were identified to family using an 
updated version of the protocol described by Patočka (1980). All 
T.  processionea caterpillars, which are easily distinguishable from 
other lepidopterans, were identified to species. To obtain a measure 
of caterpillar feeding activity in the crown, we monitored frass drop-
pings weekly starting from the day of spraying until 14 June 2016, 
i.e., for 3–4  wk postspray (Supp Appendix B, Table B-2 [online 
only]), using the method previously described (see Prespray density 
of defoliators).

Tree Characteristics
We measured crown size to account for differences in the amount 
of insecticide applied per m2 of crown and potential differences in 
insect density. The vegetation below and around the target tree was 
also surveyed, as the community composition of tree-living caterpil-
lars can be affected by the composition of the surrounding vegeta-
tion (Finch and Collier 2000). Crown measurements and vegetation 
survey methods are described in Supp Appendix C (online only).

Statistical Analysis
In the evaluation of insecticide effects on Lepidoptera popula-
tions, log-normal linear mixed-effects models (LMMs) were used. 
Response variables included numbers of fallen caterpillars (overall 
and for each family with sufficient abundance for meaningful stat-
istical analysis) and the number of frass droppings (one model per 
response variable). Cumulative data were used to account for poten-
tial time lag effects between the death of caterpillars or excretion of 
frass pellets, and their fall into the traps, associated with factors such 
as wind and precipitation.

The basic model comprised insecticide treatment (three levels), 
prespray density (two levels), and their interaction as fixed effects, 
and block as a random effect. Exposure time (in days) was included 
in the model as an offset term. The complex model additionally 
included all the potentially meaningful covariates, as determined 
by their coefficient of variation and the presence of possible con-
founding effects with predictor variables. Basic and complex models 
were compared using the Akaike Information Criteria (AIC), to 
choose the best model for the analysis. As the basic model performed 
consistently better, we will only report results for this model in the 
text while details of covariate sampling and selection, as well as 
model comparisons, are given in the supplementary material (Supp 
Appendix C [online only]).

All LMMs were fitted with restricted maximum likelihood using 
the functions ‘lmer’ in the lme4 package (Bates et  al. 2015). For 
LMMs, marginal R2 (R2m, i.e., R2 associated with the variance ex-
plained by the fixed effects only) and condition R2 (R2c, i.e., R2 as-
sociated with the variance explained by both the fixed and random 
effects) were calculated as a measure of goodness-of-fit with the 
MuMIn package (Bartoń 2019). The significance of fixed effects 
was tested with Kenward–Roger’s F-tests, with the function ‘mixed’ 
in the afex package (Singmann et al. 2019). Pairwise contrasts be-
tween the levels of the fixed terms were calculated by performing 
Tukey-adjusted comparisons of estimated marginal means with the 
emmeans package (Lenth 2019). All analyses were done using ver-
sion 3.4.3 of the R software (R Core Team 2019).
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Results

A total of 15,210 individual caterpillars belonging to 13 families 
were sampled (Supp Appendix D, Table D-1 [online only]). Three 
families of Macrolepidoptera (Geometridae [10,975], Noctuidae 
[1,293], and Thaumetopoeidae [1,031]) and one of Microlepidoptera 
(Tortricidae [1,448]) were collected in sufficient number to be ana-
lyzed separately. Note that Geometrids may include larger numbers 
of the winter moth O. brumata, a species with outbreak dynamics 
for which no survey data were available. Since the timing of spraying 
was optimized for T. processionea, we considered O. brumata as a 
nontarget species in our study.

Overall and Target Effects
Insecticide application led to a significantly greater number of fallen 
caterpillars (Table 1), i.e., mortality, compared to unsprayed control 
trees, with 51 and 117% more caterpillars fallen from DFB- and 
TBF-sprayed trees than from controls, respectively (Fig. 2A). The 
increase in mortality induced by TBF was highly significant, while 
the smaller effect of DFB was marginally significant (Fig. 2A). 44% 
more caterpillars were collected below TBF- than DFB-sprayed trees 
but this difference was only marginally significant (Fig. 2A).

Mortality of the target species T. processionea was significantly 
higher (4.8- and 3.3-fold) after DFB and TBF application than in 
unsprayed controls, but did not differ significantly between the two 
insecticides (Fig. 3).

The number of frass droppings, i.e., feeding activity, was 54 
and 121% higher in control trees relatively to DFB- and TBF-
sprayed trees, respectively (Fig. 2B), while 44% more frass drop-
pings were collected below DFB-sprayed than below TBF-sprayed 
trees (Fig. 2B).

Significantly higher mortality and lower feeding activity was 
detected in trees with high prespray density compared with trees 
with low prespray density, but insecticide effects were independent 
of this effect (Table 1). Insecticide treatment and prespray density 
explained around a third of the variance for both mortality and 
activity (Table 1).

Effects on Nontarget Lepidoptera
Although it strongly affected T. processionea, DFB had a no statis-
tically significant effect on nontarget Lepidoptera, even though there 
was a consistent trend of higher mortality, i.e., more fallen nontarget 
caterpillars under DFB-treated trees than under control trees (13–
46% higher; Table 1; Fig. 3).

In contrast, TBF also affected nontarget Lepidoptera families 
(Table 1; Fig. 3). There were 122 and 110% more fallen caterpil-
lars for Geometridae and Noctuidae, respectively, compared to 
the control. Mortality of Tortricidae was 67% higher on TBF- 
than on unsprayed trees but this was not significant in the post 
hoc test (P > 0.05; Fig. 3). Thus, DFB and TBF differed in their 
effect on mortality on different lepidopteran families. Pairwise 
comparisons showed TBF’s greater impact on mortality compared 
with DFB for Geometridae, but not for Noctuidae and Tortricidae 
(P > 0.05; Fig. 3).

The interaction between insecticide treatment and prespray 
density was not significant (Table 1). For both insecticides, mor-
tality was higher for trees with high prespray density than for trees 
with low prespray density, but this effect was only significant for 
Geometridae and Tortricidae (Table 1). The fixed terms, i.e., insecti-
cide treatment, prespray density, and their interaction, explained 
29, 24, and 14% of the variance for Geometridae, Noctuidae, and 
Tortricidae, respectively. Blocking explained between 6 and 20% of 
the variance, depending on the family (Table 1).

Discussion

Our study showed that the use of UAVs for spraying individual trees 
allows identification of 1)  strong effects of the insecticides on the 
target pest, suggesting that the method is suitable for application of 
insecticides in forests, and 2) contrasting responses among different 
lepidopteran families to the two compounds tested, TBF and DFB. 
Although both insecticides resulted in an overall greater mortality 
and lower feeding activity of crown-dwelling Lepidoptera, DFB 
appeared to be more selective than TBF, which equally affected all 
families of Lepidoptera. Our tree-level approach presents clear ad-
vantages over traditional experiments supported by manned aircraft 
due to its higher statistical power and lower costs.

Target Effects
The nearly fivefold greater number of fallen T.  processionea cat-
erpillars compared with the control indicated a high efficacy of 
DFB treatment (Fig. 3). This is consistent with the observations 
of Pascual et al. (1990), who reported complete eradication of all 
T. processionea colonies in plots aerially sprayed with DFB within 
12 d of application. The effect of TBF on T. processionea mortality 
was smaller, but mortality was still substantial at nearly threefold the 
control levels. No study in the available literature has documented 
the efficacy of TBF against T. processionea or any of its congeners. 

Table 1. Results from LMMs for number of fallen caterpillars and frass droppings as a function of insecticide treatment, prespray density, 
and their interaction

Model response

Predictors

R2m R2cInsecticide Prespray density Insecticide × density

Lepidoptera F2,45 = 10.15; P < 0.001*** F1,45 = 10.71; P = 0.002** F2,45 = 0.20; P = 0.821 0.30 0.44
 Thaumetopoeidae F2,45 = 20.45; P < 0.001*** F1,45 = 0.69; P = 0.411 F2,45 = 0.82; P = 0.445 0.32 0.56
 Geometridae F2,45 = 8.99; P = 0.001** F1,45 = 14.63; P < 0.001*** F2,45 = 0.23; P = 0.797 0.29 0.49
 Noctuidae F2,45 = 8.13; P = 0.001** F1,45 = 3.55; P = 0.066• F2,45 = 0.26; P = 0.771 0.24 0.31
 Tortricidae F2,45 = 2.67; P = 0.080• F1,45 = 6.19; P = 0.017* F2,45 = 0.14; P = 0.873 0.14 0.29
Frass droppings F2,45 = 18.86; P < 0.001*** F1,45 = 19.77; P < 0.001*** F2,45 = 1.47; P = 0.240 0.38 0.63

F- and P-values were calculated using Kenward–Roger’s F-tests. Goodness-of-fit statistics is shown as marginal R2 (R2m; fixed effects only) and condition R2 
(R2c; full model including fixed and random effects). A separate model was fit for each response variable, including overall response (number of fallen Lepidoptera, 
frass droppings) and the four most abundant families (number of fallen Geometridae, Tortricidae, Noctuidae, and Thaumetopoeidae). All response variables were 
log-transformed to meet normality assumptions. Symbols indicate significance levels: *** P < 0.001, ** P < 0.01, * P < 0.05, • P < 0.1.
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Fig. 3. Number of fallen caterpillars of the target pest (Thaumetopoea processionea Linnaeus) and three nontarget families (Geometridae, Noctuidae, and 
Tortricidae) as a function of insecticide treatment. Gray dots indicate trees with low prespray density trees, black dots indicate trees with high prespray density 
trees (raw data). White dots show the estimated marginal mean of the response for each insecticide treatment. Errors bars show 95% confidence intervals. Fitted 
parameters were back-transformed to the response scale using the Smearing retransformation. P-values of pairwise comparisons among treatment levels are 
shown at the top of plot (Tukey-adjusted comparisons of estimated marginal means).

Fig. 2. Number of fallen caterpillars, i.e., caterpillar mortality (A) and number of frass droppings, i.e., feeding activity (B) as a function of insecticide treatment. 
Gray dots indicate trees with low prespray density trees, black dots indicate trees with high prespray density trees (raw data). White dots show the estimated 
marginal mean of the response for each insecticide treatment. Errors bars show 95% confidence intervals. Fitted parameters were back-transformed to the 
response scale using the Smearing retransformation. P-values of pairwise comparisons among treatment levels are shown at the top of plot (Tukey-adjusted 
comparisons of estimated marginal means).
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However, TBF has shown high efficacy against common defoliating 
pests in North America (Webb et  al. 1998, Cadogan et  al. 2005). 
In addition, feeding activity appeared significantly reduced by TBF 
(Fig. 2B). Overall, the success of the application of both substances in 
controlling the target population is in line with results of large-scale 
efficacy trials and confirms that UAV-supported application is a suit-
able method to apply insecticides in tree crowns.

Side Effects
TBF resulted in significantly higher mortality of the nontarget 
Macrolepidoptera families Geometridae and Noctuidae (Fig. 3) 
while substantially reducing feeding activity compared to back-
ground rates of unsprayed trees (Fig. 2). This is consistent with the 
observations of Butler et al. (1997b), who reported a substantial re-
duction in abundance of several Geometrid and Noctuid species after 
an aerial application of TBF by a manned airplane. In our study, the 
effect of TBF on the only Microlepidoptera family sampled in high 
numbers, Tortricidae, was weaker than on Macrolepidoptera and 
only marginally significant (Fig. 3). Contrary to Macrolepidoptera, 
which mostly feed on open surfaces, European oak Tortricids are 
known to either bore into plant tissues or build shelters by rolling 
or tying the leaves inside which they feed (Patočka 1980). Since the 
falling sheet method does not allow sampling of species dwelling in 
fully concealed habitats, such as miners and borers, we assume that 
all Tortricidae in our data are shelter-builders. It has been proposed 
that shelter-building species are less exposed to lethal insecticide res-
idues relatively to open surface-feeding ones (Retnakaran and Grant 
1985, Martinat et al. 1988) and this likely explains the difference in 
effect sizes between Tortricidae and surface-feeding families in our 
study. Although not significant at the 5% level, this trend suggests 
that shelter-building Lepidoptera populations may still experience 
negative effect of insecticide under realistic conditions. It would 
likely have gone unnoticed without the high power of our study de-
sign, emphasizing the benefits that tree-level experiments can bring 
to insecticide risk assessment in forests.

While we could not find significant effects of DFB on 
Geometridae and Noctuidae (Fig. 3), large-scale studies reported 
strong effects of DFB on these families (Martinat et al. 1988, Sample 
et  al. 1993, Butler et  al. 1997a) despite a lower statistical power. 
This result is likely due to the slow speed of action of DFB com-
bined with the strong dominance of early-season phenotypes in the 
oak Lepidoptera community (Southwood et al. 2004). Contrary to 
TBF which triggers a premature lethal molt in intoxicated individ-
uals within hours of exposure (Carlson 2000), DFB is generally rela-
tively slow-acting, as it kills at the next molt (Maas et  al. 1981). 
While T. processionea caterpillars were actively feeding throughout 
the entire sampling period in our experiment, the vast majority of the 
nontarget assemblage was active between early and late May (Supp 
Appendix E, Fig. E-1 [online only]). As we timed the treatment ap-
plication to ensure successful reduction of T. processionea, i.e., mid-
May, the time window during which early-season Lepidoptera were 
exposed to DFB was likely too short to elicit a detectable response 
at the family level. This suggests that delaying application of DFB 
could contribute to decreasing its negative impact on most species of 
tree-living Lepidoptera. However, because delayed DFB effects may 
manifest at later development stages, additional data, such as pupal 
mortality, would be needed to verify this hypothesis.

In our study, DFB appeared to be more selective than TBF, al-
though TBF is often described as a biorational alternative to DFB. 
Besides the fact that the application context likely influenced our 
results, our observations were restricted to tree-living Lepidoptera. 

Unlike TBF, DFB has already been shown to have toxic effects on 
a much broader range of arthropods (Durkin 2004, Durkin and 
Klotzbach 2004), such that our results are restricted to Lepidoptera 
and do not allow us to draw conclusions on the relative ecological 
footprint of both insecticides.

Advantages and Limitations of UAV-Supported 
Experimental Designs
Our study showed that use of UAV for insecticide experiments at tree 
level allows a sufficiently large number of replicates to detect weak 
insecticide effects. The costs and logistics associated with UAV spray 
flights are considerably less than for manned-aircraft applications, 
making it a viable option whenever the technology is available. In 
our study, the small scale of the experiment also greatly simplified 
the collection of data, as three operators were able to collect cat-
erpillars and frass samples across the whole design within 6 h, al-
lowing for a large sampling effort at minimal cost. Our approach 
hence provides the opportunity for projects with limited funds and 
staff to obtain meaningful results. However, technical limitations re-
main. Maneuverability of an UAV is still limited in very dense stands, 
and, in the absence of large canopy gaps, it is difficult to bring the 
aircraft above tree crowns. Moreover, permanent visual contact be-
tween the UAV and the operator, a prerequisite to the flight safety 
of most standard UAVs, may not be achievable in all situations. 
The development of spray UAVs with longer autonomy and larger 
operating range (i.e., Beyond Visual Line of Sight; BVLOS) would 
likely expand the possibilities of this technology to a wider range of 
situations. Although strict and country-specific regulations currently 
restrict the use of BVLOS UAVs, rapid innovation in this field should 
allow the extension of this technology to civil applications in the fu-
ture (Davies et al. 2018).

Although our study focused on small-scale application within a 
single site, the UAV method could be applied to larger scales (e.g., 
groups of trees of different sizes and across multiple sites), offering 
researchers greater flexibility in adapting spraying designs to their 
objectives. Multiple-site approaches are often preferred as they allow 
better generalization of results. However, the single-site approach 
tested here offers the possibility of comparing the response of com-
munities experiencing similar biotic and abiotic conditions. Thus, it 
remains a valid approach to address problems of heterogeneity, and 
may allow detection of effects that would have been overlooked in 
traditional large-scale experiments. Researchers should however stay 
aware that application of insecticide treatment at the individual tree 
level implies that rapid recovery of the focal population is likely to 
occur due to the presence of unaffected source populations in the 
close proximity of sample trees. Hence, tree-level designs are not 
well-suited to investigate the long-term temporal dynamics of in-
secticide side effects.

The aim of our experiment was to test the applicability of 
UAV-supported, small-scale designs as an alternative to classic 
manned-aircraft spray trials. We measured efficacy and side ef-
fects of two forestry insecticides as a mean of demonstrating the 
validity of our approach. Although our results were conclusive in 
that regard, differences between manned and unmanned applica-
tions, notably in terms of spray deposit and coverage, are likely 
substantial and should be tested by direct comparison of both 
methods. In this study, we focused our efforts solely on short-term 
lethal effects in larval stages of Lepidoptera. However, laboratory 
studies also highlighted the sublethal impacts of insect growth 
regulators such as DFB and TBF, e.g., decreasing adult fecundity 
and fertility or reduced egg viability (e.g., Rup and Chopra 1985, 
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Myers and Hull 2003, Dallaire et al. 2004). As a comprehensive 
assessment on multiple species is likely a very difficult under-
taking in laboratory settings, the available information on sub-
lethal effects is restricted to a very small number of species, most 
of which are economically significant pests. The importance of 
sublethal effects in altering nontarget populations is hence mostly 
unknown, and the full extent of insecticide side effects is likely 
underestimated. Tree-level designs present a new alternative for 
studying sublethal insecticide effects on a wider range of species, 
as, for example, data collection could be extended to sampling 
and rearing of pupae. The considerable simplification of logistics 
and reduction of costs relative to large-scale field trials can allow 
intensification of the sampling effort for compiling large data sets 
and bringing the toxicological knowledge acquired in laboratory 
trials into more realistic field settings.

Conclusions
This study shows that tree-level approaches using UAV technology 
can greatly benefit research on the effects of aerially sprayed insecti-
cides in forest ecosystems. By simplifying the logistics and reducing 
the costs, this type of experimental approach allows the statistical 
power of experiments to be increased, thereby mitigating the risk 
of underestimation of insecticide side effects. The flexibility of the 
method with regards to the scale of application provides researchers 
with many options for designing insecticide risk assessment trials 
suited to their objectives. We believe that integration of UAV tech-
nology in field research will greatly benefit forest ecotoxicology in 
the near future.

Supplementary Data

Supplementary data are available at Journal of Economic 
Entomology online.
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