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Abstract. Marine radar is a tool widely used in the study of bird migration, but in most cases it cannot iden-
tify detected objects to species. For this reason airspeed is used as one of the main criteria to separate birdlike 
from insectlike targets, but this criterion has not been tested outside the temperate regions where it was devel-
oped. We used a theoretical approach for calculating minimum-power speeds (Vmp) and maximum-range speeds 
(Vmr) of birds and insects to estimate an interval of airspeeds from which an appropriate value of the criterion 
can be selected and to propose a criterion based on flight speed for the Isthmus of Tehuantepec in southern Mex-
ico. This approach, with data from 36 species of insects and 60 of passerines either known to occur or similar 
to species occurring in southern Mexico, found that although Vmp of insects and birds overlaps at 5.5 m sec–1, 
birds generally fly faster than insects. After combining our results with data from the literature, we conclude 
that the best airspeed to be used as criterion for distinguishing birdlike from insectlike targets lies within the 
range of 5.5–9.0 m sec–1 and that 7 m sec –1 is an appropriate airspeed for our study area. These airspeeds are 
applicable in southern Mexico and in regions where birds and insects have physical dimensions similar to the 
species addressed in our study.

Key words: airspeed, bird migration, insects, Isthmus of Tehuantepec, marine radar, Mexico,  
radar ornithology.

Usando Velocidades de Vuelo Teóricas para Discriminar Aves de Insectos en Estudios de Radar

Resumen. Los radares marinos son una herramienta ampliamente utilizada para estudiar la migración 
de aves, pero son polémicos debido a que en la mayoría de los casos no permiten identificar objetos al nivel 
de especie. Por esta razón, la velocidad aerodinámica de vuelo es utilizada como uno de los principales crite-
rios para separar blancos tipo ave de blancos tipo insecto. Sin embargo, tal criterio no existe para áreas fuera 
de las zonas templadas donde dicho criterio fue desarrollado. Utilizamos un enfoque teórico calculando las 
velocidades de potencia mínima (Vmp) y de alcance máximo (Vmr) de aves y de insectos para estimar un in-
tervalo de velocidades aerodinámicas de vuelo del que pueda elegirse un valor para ser usado como criterio, 
así como para proponer un criterio basado en velocidades aerodinámicas para el Istmo de Tehuantepec, en el 
sur de México. Este enfoque, con datos de 36 especies de insectos y 60 de aves Passeriformes presentes en 
el Sur de México, o de especies similares a las de esa zona, encontró que aunque la Vmp de aves y de insectos 
se superpone a 5.5 m sec–1, las aves generalmente son más veloces que los insectos. Después de  combinar 
nuestros resultados con datos disponibles en la literatura, consideramos que la mejor velocidad aerodinámica 
para ser usada como criterio para separar a las aves de loes insectos se encuentra entre 5.5 y 9.0 m sec–1 y que 
7 m sec–1 es una velocidad adecuada para nuestra área de estudio. Estas velocidades son aplicables en el sur 
de México y en regiones cuya fauna aviar y entomológica tenga dimensiones físicas similares a las de las es-
pecies usadas en el presente estudio. 
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INTRODUCTION

Marine surveillance radars have proven to be useful tools for 
studies of nocturnal bird migration (Cooper et al. 1991, Wil-
liams et al. 2001, Harmata et al. 2003, Mabee et al. 2006). 
They have been used extensively in ornithological research 
because of their portability, low power requirements, and cost. 
However, one of the biggest challenges to the widespread ap-
plication of this tool is to differentiate birds, bats, and insects 
(Larkin 2005). For this reason the terms “vertebrate-like tar-
get,” “birdlike target”, “insectlike target,” or just “target” are 
commonly used to describe detected objects, in recognition 
of this difficulty. Nevertheless, some criteria are applicable, 
and airspeed is a variable that partially distinguishes birds 
and insects (Larkin 1991, Zaugg et al. 2008), because typical 
flight speeds of many insects are 2–4 times slower than those 
of birds (Ellington 1991). Bats’ flight speeds, however, over-
lap with those of passerines (Hedenström et al. 2009), so bats 
cannot be separated out solely by airspeed and require an ad-
ditional or different criterion (e.g., flight pattern).

It has been proven that slow-flying targets detected with ra-
dar are not birds but insects (Larkin 1991); following this, some 
authors use an airspeed “threshold” of 6 m sec–1 (Diehl et al. 
2003, Mabee et al. 2006, Ruth et al. 2010), considering slower 
targets to be “insectlike” and faster targets to be “birdlike.” How-
ever, the data on which that criterion is based are from temperate 
regions, where insect diversity differs considerably from that in 
the tropics, and flight speeds may differ as well. For these reasons, 
the temperate-region criterion may not be applicable to tropical 
regions where radar is being used in the study of bird migration. 
In our studies of the migration of birds through the Isthmus of 
Tehuantepec in Oaxaca, Mexico (not reported here), we realized 
the need for a criterion that incorporated the regional knowledge 
of insects for adequate interpretation of radar studies in a tropi-
cal environment. Our objective in this paper is to describe the 
methods used to define a range of airspeeds that can be used as 
criterion to distinguish insects from birds in our study area and to 
show that these airspeeds can be used for other regions.

Airspeeds of birds and insects can be measured directly 
in the field and then compared. However, theoretical calcula-
tions can also be made on the basis of mechanical and aero-
dynamic principles that apply to all animals that support their 
weight aerodynamically (Pennycuick 1997). This approach 
states that mechanical power available in flight muscles is 
limited, placing both lower and upper limits on the speed any 
bird can fly. The lower speed, called “minimum power speed” 
(Vmp), is the speed a bird can maintain by using the minimum 
amount of metabolical energy; the upper, called “maximum 
range speed” (Vmr), is the speed when distance traveled is 
maximized by unit of work done. Radar studies of the Com-
mon Swift (Apus apus) have proven the existence of these 
flight speeds (Bruderer 1997), which can be obtained through 
the calculation of the so called “power curves” (Rayner 1999). 

These theoretical speeds have been compared with 
field data from both passerines and nonpasserines, and some 

similarities between them and observed flight speeds have been 
found. For instance, Welham (1994) compared flight speeds re-
ported in literature for 48 avian species with predictions of Vmr 
and found that ~40% of them generally migrated at that theoret-
ical speed, but Pennycuick (1997) suggested that migrating at 
Vmr may not represent an “optimal” or even a practical strategy, 
reporting that the mean airspeeds of 36 species (both passerines 
and nonpasserines) were distributed around Vmp. Pennycuick 
(2001) found that two species of passerines that fly by bounding 
had mean speeds of 1.70Vmp and 1.96Vmp but other species with 
continuous flapping flew between 0.82 and 1.27Vmp. Although 
this approach has been developed to analyze birds’ flight per-
formance, it can also be applied to insects (Srygley 2003, Pen-
nycuick 2008, Srygley and Dudley 2008, Tennekes 2009). Vmp 
and Vmr represent a distribution of potential flight speeds, with 
minimum and maximum flight speeds lying at the limits of this 
distribution. This theoretical approach provides a range of pos-
sible airspeeds that could be used to distinguish insectlike and 
birdlike targets detected by marine radars.

METHODS

For this study, we used data from two different primary sources. 
Insect data were from measurements made on specimens from 
two entomological collections in Mexico, whereas bird data were 
from FLIGHT 1.22 for Windows (companion material for Penny-
cuick 2008, latest version available at http://www.elsevierdirect.
com/companion.jsp?ISBN=9780123742995). We used this pro-
gram to estimate theoretical airspeeds of both insects and birds.

STUDY AREA

Continuing radar observations of nocturnal bird migration 
over the Isthmus of Tehuantepec, Oaxaca, southern Mexico 
(Fig. 1), suggest the need for an appropriate criterion to fil-
ter birds from insects. The Isthmus of Tehuantepec is a nar-
row region that separates the Gulf of Mexico from the Pacific 
Ocean; it is located at the overlap of the Neotropic and Neartic 
realms and its level of plant endemism is high (Pérez-García 

FIGURE 1. Study site and radius used to delimit the distribution 
of insects used in this study in Oaxaca; square shows the Isthmus of 
Tehuantepec.
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et al. 2001). The Isthmus of Tehuantepec is an important cor-
ridor for migratory birds moving between North and South 
America (Binford 1989) and an important stopover site for 
migratory birds in the fall (Winker 1995a). 

RECORDING OF BIRD DATA

For airspeeds to be estimated by the aerodynamic approach, 
data on a bird’s wing span, wing area, and weight are needed. 
Although we know the species of the Isthmus of Tehuantepec 
from our program monitoring bird migration and from the lit-
erature (Binford 1989, Winker 1995a, b), we have not recorded 
values of the variables mentioned above. Therefore, we used data 
preloaded in the software FLIGHT 1.22 (Pennycuick 2008) from 
American or European passerine species (or families) with phys-
ical dimensions similar to those present in the isthmus (Fig. 2).

RECORDING OF INSECT DATA

We obtained information on regional insect diversity from 
the Sistema Nacional de Información sobre Biodiversidad 
(SNIB), operated by the Comisión Nacional para el Cono-
cimiento y Uso de la Biodiversidad (CONABIO) in Mexico. 
CONABIO provided a list of more than 21 000 records of 1302 
insect species from the most comprehensive database of bio-
logical diversity in Mexico. 

Of the insect records obtained from the SNIB, we used 
only those of species present within a 65-km radius around La 
Venta, Oaxaca, covering the surroundings of the study site and 
out to the borders of the state of Veracruz (Fig. 1). We filtered 
the data further by including only insect families that might 
be detected by the radar: the Scarabaeidae, Melolonthidae, 
Cerambicidae, and Passalidae (Coleoptera) and Uranidae, Sa-
turniidae, Sphingidae, Noctuiidae, and Arctiidae (Lepidop-
tera).We then visited the following entomological collections: 
IEXA at the Instituto de Ecología, A.C. (INECOL), Xalapa, 
and the Colección Nacional de Insectos (CNIN) from the 
Universidad Nacional Autónoma de México (UNAM) to get 
images of selected species.

Using a Sony Cybershot digital camera, we photographed 
insect specimens mounted on a Styrofoam sheet with paper 
gridded in millimeters as a background for size reference. 
Then we measured each specimen’s wingspan and length 
with the aid of IMAGEJ (Rasband 1997–2009) and estimated its 
weight by body relationships (Rogers et al. 1976, Sample et al. 
1993, Miller 1997).

AIRSPEED ESTIMATIONS

We estimated Vmp and Vmr of insects and birds with the software 
FLIGHT  1.22   for  Windows (Pennycuick 2008), which requires 
data from eight variables (Table 1). Three of these variables 
are directly related to insectan and avian morphology (all up 
mass, wingspan, wing area; see Table 1 for definitions), others 
are environmental (gravity, air density) and the rest (frontal 

FIGURE 2. Comparison of wingspans of passerines preloaded in 
FLIGHT 1.22 and species confirmed or likely in the Isthmus of Tehuan-
tepec, showing the similarity of the two groups. Wingspans of species 
in the isthmus from Sibley (2000) and Howell and Webb (1995).

TABLE 1. Variables used by FLIGHT 1.22 to estimate flight speeds

Variable Definition

All up mass (m) The sum of the body mass, plus the mass of any food that the bird may be carrying in 
its crop (in kg)

Gravity (g) Constant of 9.81 m sec–2.
Wing span (b) The longest distance from one wing tip to the other, with the wings at full stretch, 

straight out to the sides (in m)
Wing area (s) The area of both wings, including the area of the body between them, projected on a 

flat surface, measured with the wings at full stretch, straight out to the sides (in m2)
Body frontal area (Sb) The cross-sectional area of the body at its widest (in m2), calculated from the mass by 

the empirical formula Sb = 0.00813m0.666 

Body drag coefficient (CDb) A dimensionless number less than 1, representing the ratio of the body’s equivalent 
flat-plate area to the body frontal area, (i.e., the degree of streamlining)

Induced power factor (k) A dimensionless number greater than 1 by which the calculated induced power is 
multiplied, to take account of deviations from an ideal actuator disc. A value of  
1.2 was used.

Air density (ρ) 1.226 kg m–3 at sea level, in the International Standard Atmosphere
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area of body, drag coefficient of body, induced power factor) 
are aerodynamic constants defined by Pennycuick (1997) as 
suitable for flight-performance estimations. 

STATISTICAL ANALYSES

We loaded FLIGHT 1.22 (Pennycuick 2008) with our insect 
measurements and estimated insects’ theoretical airspeeds. 
For birds we used the preloaded data for passerines to estimate 
their theoretical airspeeds. For both groups we calculated 
airspeeds under the assumption of continuous flapping flight. 

We assessed the normality of both insectan and avian Vmp 
and Vmr by a Shapiro–Wilk W-test; after non-normality was 
evident, we compared them with a Mann–Whitney U-test,  
then obtained a third set of airspeeds (V ) by calculating the 
mean of each estimated value of Vmp and Vmr. We plotted the 
proportion of species classified incorrectly for each of the three 
flight speeds (Vmp, Vmr, and V ) as a function of the airspeed and 
defined an interval of potential airspeeds that can be used as a 
criterion to distinguish between insectlike and birdlike targets.

RESULTS

We calculated minimum power speeds and maximum range 
speeds (Vmp and Vmr, respectively) for 60 individual insects 
from 27 species of Lepidoptera and 9 of Coleoptera collected 
in the Isthmus of Tehuantepec (Table 2) and for 60 species 
of passerines, 50 belonging to taxonomic families present in 

the isthmus (Table 3). Insects range from one of the small ti-
ger moths (Hypercompe extrema) of the family Arctiidae (b =  
4.5 cm and m = 53.6 mg) to an unidentified large sphingid moth  
(b = 15.8 cm, m = 3.7 g). For birds, size ranged from warblers 
like Northern Parula (Setophaga americana, b = 18 cm, m = 
8.9 g) to the Carrion Crow (Corvus corone, b = 92.5 cm, m = 
553 g), one of the largest passerines. Overall, avian Vmp and 
Vmr are higher than insects’ (Fig. 3).

 The minimum power speeds (Vmp) of both insects  
(W = 0.91, P < 0.001) and birds (W = 0.91, P < 0.001) were not 
normally distributed, and birds’ airspeeds were higher than 
those of insects (U = 3, Z = 9.43, P < 0.001). They overlapped 
at 5.5 ± 0.41 m sec–1 (Fig. 3a), a value similar to that for tem-
perate areas. Similarly, insectan (W = 0.91, P < 0.001) and avian  
(W = 0.90, P < 0.001) maximum range speeds (Vmr) were not nor-
mally distributed either, showed the same pattern as Vmp (U = 1,  
Z = 9.44, P < 0.001), and overlapped at 12.2 ± 0.57 m sec–1 (Fig. 
3b). Insectan and avian V  overlapped at 9.0 ± 0.49 m sec–1 (Fig. 
3c). From Figure 3, it is clear that some insects flying at Vmr are 
faster than many birds flying at Vmp, a fact that helps to explain 
the two groups’ overlap in flight speed reported in literature.

On the basis of our results and reports of insectan and 
avian airspeeds from the literature, we consider that an air-
speed criterion for any region with insects and birds with 
physical dimensions similar to those considered in this study 
lies between the insectan and avian overlap at Vmp (5.5 m sec–1)  
and the overlap at V  (9 m sec–1). Given the proportion of spe-
cies classified both correctly and incorrectly with each of the 

TABLE 2. Wingspan (b), all up mass (m), minimum power speeds (Vmp), and maximum range 
speeds (Vmr) for insect species known from the Isthmus of Tehuantepec, Mexico (f = female,  
m = male)

Family and speciesa b (m) m (kg) Vmp (m sec–1) Vmr (m sec–1)

Arctiidae
Hypercompe extrema 0.045 6.9 × 10–5 2.5 8.3
Hypercompe extrema 0.045 5.4 × 10–5 2.7 8.4
Eucereon patrona 0.055 1.5 × 10–4 2.8 8.5
Eucereon patrona 0.055 1.1 × 10–4 3.2 8.7
Hypercompe muzina 0.083 4.6 × 10–4 3.4 9.0
Hypercompe muzina 0.083 3.4 × 10–4 3.8 9.4
Amastus ochraceator 0.085 6.8 × 10–4 3.1 8.9
Amastus ochraceator 0.085 2.7 × 10–4 4.3 10.0
Dysschema magdala 0.068 2.1 × 10–4 3.2 9.0
Dysschema magdala 0.068 3.2 × 10–4 3.7 9.5

Noctuidae
Thysania cenobia 0.145 1.2 × 10–3 3.2 9.1
Thysania cenobia 0.145 6.5 × 10–4 4.0 9.8
Agrotis limenia 0.054 9.5 × 10–5 2.9 8.5
Agrotis limenia 0.054 1.1 × 10–4 2.8 8.4
Thysania zenobia 0.137 6.7 × 10–4 3.3 9.2
Thysania zenobia 0.137 1.2 × 10–3 4.0 9.9

Saturniidae
Copaxa lavandera 0.114 3.8 × 10–4 3.0 9.0
Copaxa lavandera 0.114 8.8 × 10–4 4.0 10.0
Automeris io 0.058 1.4 × 10–4 3.0 9.0

(Continued)
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Family and speciesa b (m) m (kg) Vmp (m sec–1) Vmr (m sec–1)

Automeris io 0.058 3.3 × 10–4 4.0 10.1
Rothschildia orizaba 0.150 7.9 × 10–4 3.0 9.4
Rothschildia orizaba 0.150 5.8 × 10–4 3.4 9.8
Titaea tamerlan 0.125 5.3 × 10–4 3.2 9.5
Titaea tamerlan 0.125 6.8 × 10–4 3.5 9.8
Syssphinx quadrilineata 0.088 5.6 × 10–4 3.9 10.0
Syssphinx quadrilineata 0.088 1.1 × 10–3 4.9 11.3
Adeloneivaia isara 0.060 3.3 × 10–4 3.9 9.7
Adeloneivaia isara 0.060 3.1 × 10–4 4.0 9.8
Automeris macphaili 0.094 3.5 × 10–4 3.5 9.9
Automeris macphaili 0.094 4.4 × 10–4 3.2 9.6

Sphingidae
Xilophanes tersa 0.064 5.7 × 10–4 4.6 10.2
Unidentifiedb 0.158 3.8 × 10–3 5.5 12.3
Unidentifiedb 0.141 3.0 × 10–3 5.4 11.2
Unidentifiedb 0.136 2.7 × 10–3 5.4 11.0
Erinnys ella 0.116 1.9 × 10–3 5.2 10.5
Agrius cingulata 0.080 8.9 × 10–4 4.8 10.4
Eumorpha labruscae 0.122 2.2 × 10–3 5.3 10.8
Manduca lanuginosa 0.113 1.9 × 10–3 5.2 11.0
Manduca sexta 0.125 2.3 × 10–3 5.3 11.0
Pachylia ficus 0.151 3.4 × 10–3 5.5 11.1
Enyo lugubris 0.151 3.4 × 10–3 5.0 10.2
Cautethia spuria 0.048 3.0 × 10–4 4.3 9.8
Cautethia spuria 0.048 1.3 × 10–4 3.3 8.9
Cautethia spuria 0.048 2.0 × 10–3 3.8 9.3

Uraniidae
Urania fulgens 0.073 1.3 × 10–4 2.7 8.9
Urania fulgens 0.073 1.6 × 10–4 2.8 9.1

Melolonthidae
Phyllophaga tenuipilis (f) 0.068 2.4 × 10–4 3.4 8.7
Phyllophaga tenuipilis (m) 0.064 1.8 × 10–4 3.2 8.6
Pelidnota virescens (f) 0.084 3.5 × 10–4 3.4 8.8
Pelidnota virescens (m) 0.084 3.4 × 10–4 3.4 8.7
Enema endymion (f) 0.091 3.5 × 10–4 3.3 8.8
Enema endymion (m) 0.095 3.8 × 10–4 3.3 8.7
Strategus aloeus (f) 0.106 4.7 × 10–4 3.4 8.8
Strategus aloeus (m) 0.129 7.2 × 10–4 3.5 8.9

Scarabaeidae
Dichotomius carolinus (f) 0.074 3.5 × 10–4 3.7 8.9
Dichotomius carolinus (m) 0.086 5.2 × 10–4 3.9 9.1

Passalidae
Unidentifiedb 0.070 3.8 × 10–4 3.9 9.0
Unidentifiedb 0.073 3.9 × 10–4 3.8 9.0
Unidentifiedb 0.072 3.9 × 10–4 3.8 9.0
Unidentifiedb 0.078 3.9 × 10–4 3.7 8.9

aRepeated entries represent different specimens of undetermined sex. 
bUnidentified specimens from the IEXA entomological collection, collected in the Isthmus of 
Tehuantepec.

TABLE 2. Continued.
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TABLE 3. Wingspan (b), all up mass (m), minimum power speeds (Vmp), and maximum 
range speeds (Vmr) for bird species preloaded in FLIGHT  1.22 (Pennycuick 2008) 

Family and species b (m) m (kg) Vmp (m sec–1) Vmr (m sec–1)

Vireonidaea

Vireo olivaceusa 0.243 1.8 × 10–2 7.5 14.5
Corvidaea

Garrulus glandarius 0.548 1.5 × 10–1 10.2 19.0
Corvus monedulab 0.600 1.8 × 10–1 10.3 18.5
Corvus corone 0.925 5.5 × 10–1 12.1 21.2

Alaudidaea

Alauda arvensis 0.363 3.1 × 10–2 7.4 14.4
Hirundinidaea

Tachycineta bicolora 0.319 1.2 × 10–2 5.7 12.2
Hirundo rusticaa 0.324 1.7 × 10–2 6.4 12.8

Paridae
Parus major 0.232 1.6 × 10–2 7.4 14.7
Cyanistes caeruleus 0.198 1.0 × 10–2 6.9 14.0

Aegithalidae
Aegithalos caudatus 0.181 7.1 × 10–3 6.4 13.4

Certhiidae
Certhia familiaris 0.194 8.3 × 10–3 6.5 13.6

Troglodytidaea

Troglodytes troglodytesb 0.154 8.8 × 10–3 7.4 14.2
Regulidae

Regulus regulus 0.156 5.4 × 10–3 6.3 13.3
Phylloscopidae

Phylloscopus trochilus 0.198 8.2 × 10–3 6.4 13.3
Phylloscopus collybita 0.185 8.3 × 10–3 6.7 13.7

Sylviidae
Sylvia atricapilla 0.226 2.1 × 10–2 8.2 15.6

Acrocephalidae
Acrocephalus palustris 0.198 1.3 × 10–2 7.4 14.4

Muscicapidae
Erithacus rubecula 0.222 1.6 × 10–2 7.6 14.9
Phoenicurus phoenicurus 0.233 1.5 × 10–2 7.2 14.3
Oenanthe oenanthe 0.307 2.5 × 10–2 7.4 14.4

Turdidaea

Turdus torquatusb 0.439 1.1 × 10–1 10.1 18.1
Turdus merulab 0.397 9.5 × 10–2 10.2 18.7
Turdus pilarisb 0.433 9.3 × 10–2 9.8 17.7
Turdus iliacusb 0.362 6.4 × 10–2 9.4 17.1
Turdus philomelosb 0.361 7.2 × 10–2 9.8 17.7
Turdus migratoriusb 0.390 6.8 × 10–2 9.2 17.1

Mimidaea

Dumetella carolinensisa 0.287 3.0 × 10–2 8.2 15.8
Mimus polyglottosa 0.356 4.1 × 10–2 8.2 15.9
Toxostoma rufum 0.326 6.5 × 10–2 10.0 18.4

Sturnidae
Sturnus vulgaris 0.384 8.5 × 10–2 10.0 18.0

Prunellidae
Prunella modularis 0.211 1.7 × 10–2 7.9 15.3

Motacillidaea

Motacilla alba 0.261 2.0 × 10–2 7.5 14.6
Anthus pratensisb 0.273 2.0 × 10–2 7.3 14.5
Anthus cervinusb 0.273 2.0 × 10–2 7.4 14.3

(Continued)
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Family and species b (m) m (kg) Vmp (m sec–1) Vmr (m sec–1)

Calcariidae
Calcarius lapponicus 0.286 2.2 × 10–2 7.4 14.3
Plectrophenax nivalis 0.330 2.8 × 10–2 7.4 14.4

Parulidaea

Seiurus aurocapillaa 0.242 1.9 × 10–2 7.7 14.9
Parkesia motacillab 0.265 2.3 × 10–2 7.8 15.0
Mniotilta variaa 0.213 1.1 × 10–2 6.8 13.8
Geothlypis trichasa 0.178 1.0 × 10–2 7.2 14.4
Setophaga citrinaa 0.206 1.1 × 10–2 6.9 14.0
Setophaga ruticillaa 0.195 7.7 × 10–3 6.3 13.2
Setophaga tigrinab 0.208 1.0 × 10–2 6.7 13.5
Setophaga americanaa 0.180 8.9 × 10–3 6.9 14.0
Setophaga striatab 0.230 9.0 × 10–3 6.1 12.8
Setophaga 
caerulescensb

0.195 1.0 × 10–2 6.9 14.0

Setophaga dominicaa 0.206 1.0 × 10–2 6.7 13.8
Emberizidaea

Junco hyemalis 0.250 2.0 × 10–2 7.7 14.7
Emberiza citrinella 0.267 2.9 × 10–2 8.4 16.0
Emberiza pusilla 0.212 1.4 × 10–2 7.4 14.7
Emberiza schoeniclus 0.242 2.4 × 10–1 7.6 14.9

Cardinalidae
Cardinalis cardinalis 0.290 3.3 × 10–2 8.4 16.2

Icteridaea

Agelaius phoeniceusa 0.300 2.0 × 10–2 7.0 14.0
Fringillidaea

Fringilla coelebs 0.262 2.3 × 10–2 7.8 15.1
Carduelis carduelis 0.239 1.7 × 10–2 7.4 14.4
Carduelis flavirostris 0.230 1.7 × 10–2 7.6 14.7
Chloris chloris 0.270 2.5 × 10–2 8.0 15.4
Pyrrhula pyrrhula 0.274 2.6 × 10–2 8.0 15.4
Coccothraustes 
coccothraustes

0.325 4.5 × 10–2 8.8 16.2

Passeridaea

Passer domesticusa 0.240 2.9 × 10–2 8.9 16.8

aPasserine families and species present in the Isthmus of Tehuantepec. 
bPasserine genus present in the Isthmus of Tehuantepec.

theoretical airspeeds, we consider that an airspeed of ~7 m 
sec–1 (the intersection between insectan V  and avian Vmp) is 
well suited for our study area because it classifies correctly all 
the insects flying at Vmp, most of the insects flying at V , all the 
birds at V  and Vmr, and most birds flying at Vmp (Fig. 4).

DISCUSSION

One of the biggest challenges with the use of marine radars in the 
study of bird migration is distinguishing targets that may be in-
sects, birds, or bats. This problem has been approached through 
the use of multiple criteria that allow them to be separated to 
some degree. Airspeed is one of the main criteria because birds, 
in general, fly faster than insects (Ellington 1991). It is, however, 

known, that flight speeds of insects and birds can overlap (Larkin 
1991), and the degree of the overlap depends on the insect species 
aloft. For this reason we needed information on the local insect 
fauna (Zaugg et al. 2008) in order to estimate the overlapping air-
speed of insects and birds at our study site.

Although direct measurement would be the ideal way to 
get insectan and avian airspeeds, it is not logistically feasible 
in most field studies, so we used a theoretical approach as an 
alternative to estimate airspeeds of local species of insects and 
birds. This theoretical approach was originally developed for 
the study of birds’ flight performance (Alerstam and Heden-
ström 1998), but it is applicable to any flying animal (Pen-
nycuick 1972, 2008, Tennekes 2009) because it is based on 
aerodynamic principles and physical dimensions of animals. 

TABLE 3. Continued.
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The key input for this approach is the physical dimensions of 
the animals of interest. We used the data for passerines pre-
loaded in FLIGHT 1.22 to estimate airspeeds because we be-
lieve the similarity in physical dimensions between species 
migrating over the Isthmus of Tehuantepec and those included 
in the software justifies this approach. Insect data, however, 
were not included in the software so had to be collected from 
the area of interest. 

We initially believed that the criterion of 6 m sec–1 used in 
some temperate regions (Larkin 1991) would not be applicable 

for radar studies in our tropical region because of differences 
in the size of insects. For example, Larkin (1991) reported one 
species of moth, the Cabbage Looper (Trichoplusia ni, wing-
span ~35 mm, Arnett 2000); although we acknowledge that 
other (probably larger) species might also have been included 
by Larkin (1991), our study area contained much larger moths, 
like the Owl Moth (Thysania zenobia) with a wingspan of  
137 mm. The wingspan of the insect species we considered 
ranged from 45 to 158 mm.

From our results it is clear that, as reported in the litera-
ture, there is overlap between the theoretical speeds of insects 
and birds. As a consequence, there is no single best airspeed 
criterion; instead, one must choose within a range or inter-
val of airspeeds on the basis of characteristics (such as physi-
cal dimensions of insects and birds) particular to an area. The 
choice entails a tradeoff in the proportion of targets correctly 
classified as birds or insects.

We estimated three airspeeds for every species of bird 
and specimen of insect analyzed: Vmp, Vmr and V . Vmp and Vmr 
encompass the range of potential flight speeds that the spe-
cies under consideration (or others of similar dimensions) can 
reach. The third estimate (V ) is the mean of Vmp and Vmr. Al-
though Vmp and Vmr of birds and insects overlap in an easily 
distinguishable way, we considered that those overlap values 
are not suitable for use as a criterion to separate birds from in-
sects because those results suggest a very low airspeed for Vmp 
and a very high value for Vmr. Hence we felt an intermediate 
value such as V  was warranted.

As insectan (mainly lepidopteran) airspeeds measured in 
the tropics (Srygley and Dudley 1993, 2008, Dudley and Sryg-
ley 1994, 2008, Dudley et al. 2002) are more similar to our Vmp 
than to Vmr, and as Bloch and Bruderer (1982) observed that 

FIGURE 3. Insectlike (black bars) and birdlike (gray bars) 
theoretical speeds calculated with FLIGHT 1.22 (Pennycuick 2008). 
(a) Minimum power speeds (Vmp), (b) maximum range speeds (Vmr), 
(c) mean flight speeds (V ). Values were rounded to the closest  
0.5 m sec–1.

FIGURE 4. Proportion of species classified incorrectly for each of 
the three flight speeds as a function of airspeed. Black lines, insects; 
gray lines, birds. Vmp, solid lines; V , long-dashed lines; Vmr, short-
dashed lines.
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most of migrating birds (mostly passerines and hence with 
physical dimensions similar to those of the species we con-
sidered) fly in the range of 8–18 m sec–1, we propose the over-
lap of birds and insects at Vmp (5.5 m sec–1) and the overlap at 
V  (9 m sec–1) define an appropriate range of airspeeds within 
which a criterion may be set. In our study area, we believe that 
an airspeed of ~7 m sec–1 is an appropriate criterion because it 
minimizes the inclusion of slow-flying insects and maximizes 
the inclusion of most birds. By calculating an interval and al-
lowing a suitable airspeed to be chosen as a criterion, investi-
gators can incorporate their understanding and knowledge of 
flight speeds, composition of local insectan and avian fauna, 
and their study objectives. We encourage the reader to con-
sider these factors and to choose an airspeed value that best 
fits his study’s objective.

A criterion based on airspeeds will not only minimize 
confounding factors from insects, it will also help eliminate 
some bats, as there are records of some bats flying slower than 
the proposed interval of airspeeds (Hayward and Davis 1964, 
Vaughan 1966, Patterson and Hardin 1969, Kennedy et al. 1977, 
Morrison 1980, Sahley et al. 1993, Hopkins et al. 2003). How-
ever, although airspeed is a criterion useful for discriminating 
insectlike targets from birds, we acknowledge that this value 
will not provide complete certainty for discriminating among 
all vertebrate targets because bats fly at a wide range of speeds 
(Winter 1999), so there will always be some flight-speed over-
lap among birds, insects and bats.

To reduce contamination of the dataset and increase cer-
tainty that the analyses actually address the group of inter-
est, however, we strongly recommend the use of additional 
criteria, such as omitting targets with poor reflectivity and 
small targets that appear only within ~500 m of the radar 
and using behavioral traits to predict a species’ timing and 
pattern of movement. Current research on wing-beat pat-
terns may also prove useful in distinguishing radar targets. 
Techniques that corroborate the identification of radar tar-
gets (e.g., night-vision optics, thermal imagery) are useful 
and should be used in conjunction with marine radar studies 
if and when possible.
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