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Abstract. 1. We analysed the canopy and understorey communities of flies in the
family Tachinidae, the most diverse group of parasitoid Diptera, in a small and iso-
lated temperate plain forest in northern Italy. Our objective was to assess whether
and how these communities differ from one another, and how species distribution
relates to forest structure, host distribution, mating sites, and season.
2. The study was carried out in 2008 with 14 Malaise traps installed between April

and November in an equal number of sites randomly selected inside the forest, seven
on the ground and seven in the tree canopy.
3. Overall species richness, abundance, and turnover were greater in the understo-

rey traps, but most diversity metrics indicate greater overall diversity and evenness
in the canopy traps. Community ordination and estimates of beta diversity indicate
that the two habitat-associated communities are distinct and should both be consid-
ered in assessments of insect diversity and community structure. Indicator species
values revealed the presence of a number of species that were effective indicators of
canopy and understorey habitats. No strong male bias in canopy traps was
observed across species; however, the only significant sex ratio biases in the canopy
were towards males. Both male and female biases were observed in understorey
traps, depending upon the species.

Key words. Arthropod diversity, Beta diversity, Canopy arthropods, community
structure, forest structure, parasitoid-host associations, phenology, sex ratio.

Introduction

Arthropods living in forest canopies are among the most poorly
studied and poorly understood biological communities. Forest
canopies may be defined as the aggregate of tree crowns in for-

ests and are home to an extremely rich arthropod fauna (Erwin,
1982, 1983; Stork, 1988; Stork et al., 1997; Basset et al., 2003a).
Recent research on canopy arthropods has resulted in the dis-

covery of many previously unknown species and has provided
insight into the biology and ecological interactions of those pre-
viously known (Basset et al., 2003a; Floren & Schmidl, 2008).

Such studies have generally found that forest canopies represent
distinct habitats with characteristic communities differing both

in richness and composition from those of neighbouring under-
storey communities (Basset et al., 2001; Stork & Grimbacher,
2006). Many of these canopy residents play crucial ecological

roles as major herbivores (Basset et al., 2003a), predators (Flo-
ren et al., 2002), pollinators (Roubik, 1993; Ulyshen et al.,
2010), seed dispersers, and detritivores (Lindo & Winchester,

2007). Despite recent emphasis on documenting and analysing
canopy arthropod communities in both the tropics (DeVries
et al., 1999; Basset et al., 2001, 2003a) and the temperate zone

(Floren & Schmidl, 2008), our understanding of the community
structure and the basic microhabitat associations of canopy
dwelling arthropods remains poor.
Our superficial understanding of canopy arthropod commu-

nities is largely due to the difficulties inherent in sampling can-
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opy arthropods (Basset et al., 1997, 2003b). Nearly, all of the
methods of sampling canopy arthropods are monetarily or time

intensive (Floren & Schmidl, 2008), which tends to limit their
scope and ⁄or resolution. For example, one of the most popular
methods for sampling the canopy, insecticide fogging, tends to

be highly restricted in temporal and spatial scale, integrates sam-
ples from a variety of canopy heights (though see Dial et al.,
2006), and is biased towards taxa of low vagility (e.g. beetles,

ants, spiders; e.g. Basset &Arthington, 1992).
Most studies of canopy arthropods tend to focus on herbivo-

rous insects (or ants). Very few studies have examined communi-

ties of parasitoids in forest canopies (Pucci, 2008; Vance et al.,
2007), which play important roles in forest systems as enemies of
phytophagous insects. This is despite early community studies
that have indicated a highly diverse canopy parasitoid fauna

(e.g. Moran & Southwood, 1982) and host-parasitoid studies
showing that forest structure is a key factor influencing the inter-
action of parasitoids with their hosts (Roland & Taylor, 1997;

Cappuccino et al., 1998; Doak, 2000; Komonen et al., 2000).
Because of their intimate interactions with hosts, studying para-
sitoid communities in forest canopies can increase our general

understanding of the diversity and structure of these little known
communities, and it can also provide insight into how their hosts
are distributed or how parasitism frequencies may vary across
the vertical gradient from ground level to canopy.

With as many as 10 000 extant species worldwide (Irwin
et al., 2003), Tachinidae are themost diverse group of parasitoid
Diptera. Their larvae develop almost exclusively in insects, both

heterometabolous and holometabolous (cf. Herting, 1960;
Arnaud, 1978; Tschorsnig & Herting, 1994), and many species
act as important natural enemies of herbivorous insects in both

natural and managed terrestrial ecosystems, especially forests
(Mellini, 1991; Tschorsnig & Herting, 1994; Stireman & Singer,
2003; Stireman et al., 2006).Microhabitat specificity of tachinids

can affect host parasitism rates, and both host microhabitat and
site-specific mating areas may influence microhabitat associa-
tions (Roland & Taylor, 1997; Stireman, 2008); however, little is
known about how tachinid diversity is distributed in space. Very

few studies have explored the vertical distribution of tachinid
flies in European forests (Tschorsnig & Schubert, 1999; Tschors-
nig & Floren, 2000; Cerretti et al., 2004b), but the available data

suggest differential usage of the canopy and understorey by dif-
ferent species and genders within the same species (Tschorsnig &
Floren, 2000; Cerretti et al., 2004b), as observed in the closely

related oestroid family Sarcophagidae (Whitmore et al., 2008).
Several species have proved to be particularly efficient in biologi-
cal control programmes against pest defoliators, and knowledge
of their distribution in forests could be useful in management

plans (Blumenthal et al., 1979; Odell & Godwin, 1984; Lenteren
et al., 2003).
The goal of our work is to build upon our limited understand-

ing of the richness and diversity of parasitoid communities in
temperate forest canopies and to compare them to nearby
understorey communities. Our primary aims were to assess

whether and how canopy and understorey layer tachinid com-
munities differ from one another and how species distribution
relates to forest structure, host distribution, mating sites, and

season. Through these objectives, we provide a novel examina-

tion of how tachinid parasitoid communities are distributed in
forests in four dimensions (including time) and how this may

reflect interactions with hosts.

Material and methods

Sampling

The study was carried out at Bosco Fontana (coordinates
45�12¢N, 10�44¢E), a small state-managed Nature Reserve of
approximately 230 ha situated about 5 km NW of Mantua,

Lombardy, NE Italy. The forest is strongly isolated within a
landscape of intensive crops and industries. Further details on
the study area can be found in Mason et al. (2002), Mason

(2004), and Cerretti et al. (2004a). The Tachinidae of Bosco
Fontana were previously surveyed in 2004 in a more limited
study with Malaise traps placed in the canopy and understorey

vegetation (Cerretti et al., 2004b).
This study was carried out in 2008 using a similar sampling

design as in 2004, but with a greater number of replicates: A total

of 14 Malaise traps (B&S Entomological Services) were placed
in the reserve, seven on the ground and seven in the tree canopy.
All were positioned in forest sections classified as belonging to
the association Polygonato multiflori–Quercetum roboris Sartori

1980, the dominant vegetation type of Bosco Fontana. The sam-
pling sites were randomly selected within the phytosociological
subassociations carpinetosum betuli Sartori 1984. To minimise

the influence of ecotones and edge-effect, theminimumdistances
were: 40 m from the forest border, 30 m from the small artificial
clearings inside the reserve, and 10 m from the forest paths

(Fig. 1, Table 1). Sections where Quercus rubra, an invasive
allochtonous tree species, had previously been eradicated were
also excluded (cf. Cavalli & Mason, 2003). Ground traps were

fixed with pickets and thin guide ropes, while canopy traps were
fixed to a solid frame of welded steel – similar to the model pro-
posed by Faulds and Crabtree (1995) and used by Cerretti et al.
(2004b) and Whitmore et al. (2008) – and suspended in the tree

canopy using pulleys and ropes attached to largeQ. robur trees.
The traps were activated from 1.04.2008 to 25.11.2008, with a
few interruptions of single traps because of logistical constraints.

Four data loggers (FlashLink, Model 20207), set to register
every 30 min, were used to measure temperature and humidity
from 14th ofMay to 25th of November. These were attached to

randomly chosen traps, two at each level investigated (canopy
traps: 3, 6; understorey traps: 4, 6, cf. Table 1). Thematerial col-
lected during the study is preserved in 70% ethanol in the collec-
tion of the Centro Nazionale per lo Studio e la Conservazione

della Biodiversità Forestale, Verona. Specimens were identified
using Cerretti (2010).

Forest structure analysis

Forest structure was analysed by light detection ranging

(LIDAR). Data were acquired by an Optech ALTM 3100 sen-
sor (Optech International, Vaughan, ONT, Canada), with a
density higher than five points per square metre. The laser
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pulse wavelength and the PRFs were 1064 nm and 100 kHz,
respectively, with the system recording up to four returns per
pulse. The data used in our investigation refer to the first three

LIDAR echoes, in particular the elevation and the intensity
information of each echo. We also used a digital elevation
model of the investigated area, which was necessary to com-

pute the digital canopy model starting from the raw LIDAR
echoes.
Around each sample point, a circle cell of 20 m diameter was

centred. The raw LIDAR points cloud was processed to obtain
a raster image for each of the three returns with a spatial resolu-
tion of 0.5 m. Amean elevation value was assigned to each pixel
according to all the pixel points elevation. LIDAR points whose

median elevation was five or more times above the standard
deviation values were ignored. In the rasterisation of the first
return, gaps were interpolated within the raster, while for the

other returns, a zero value was assigned to the gap pixels. The
digital terrain model of the area was subtracted from each raster

image and from the raw LIDAR data. A height filter was
applied to the four raster images: pixels with a height value (Ih)

lower than 2 m were fixed to zero; values higher than 2 m were
considered as canopy hits (Ihc). In this respect, Ihc was used to
calculate five predictor variables for each of the three echoes,
reported in Table 2.

To assess effects of forest structure (LIDAR variables) on
tachinid community composition, we conducted detrended cor-
respondence analyses (dca) of the total data set and for each

habitat (understorey, canopy) separately. To these data sets, we
fitted vectors of the 15 LIDARvariables (five for each echo) and
assessed correlations and their significance with 1000 permuta-

tions. Similarly, we fitted vectors and assessed significant correla-
tions of the first three axes of a principal components analysis
(PCA) of the LIDAR data to the DCA ordinations. These anal-

yses using PCA axes revealed no clear patterns, and thus, results
are not presented.

Species diversity

Sample-based rarefaction curves of species accumulationwere

calculated and plotted for pooled canopy and understorey traps
using the software EstimateS 8.2 (Colwell, 2009). The rarefac-

Fig. 1. Schematic map of Bosco della

Fontana Nature Reserve, with location of

Malaise traps.

Table 1. Location and height of the Malaise traps (Zone 32T).

Trap Habitat Height (m)

Coordinates UTM WGS84

E N

1 Canopy 15 636216 5006854

2 Canopy 16 636570 5006190

3 Canopy 16.5 636771 5006259

4 Canopy 17 636859 5006239

5 Canopy 21 637164 5006443

6 Canopy 16 637336 5006313

7 Canopy 15.5 637538 5006503

1 Understorey 0 636115 5006787

2 Understorey 0 636152 5006914

3 Understorey 0 636855 5006150

4 Understorey 0 636741 5006318

5 Understorey 0 636994 5006551

6 Understorey 0 637344 5006259

7 Understorey 0 637333 5005998

Table 2. Forest structure variables estimated from light detection

ranging for each of three echoes.

Variable ID Variable description

Hmed Median value of Ihc

Hmax Maximum value of Ihc

HSD Standard deviation of Ihc

C2m Canopy density as CIhc ⁄CIh

where CIhc is the number of Ihc

values and CIh is the number of Ih values

HShannon Shannon index calculated for Ihc

(Ih = elevation value, Ihc = all Ih values >2 m, which are con-

sidered canopy hits).
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tion curves and 95% confidence intervals were calculated using
theMaoTau estimator (Colwell et al., 2004) with 1000 randomi-

sations. EstimateS was also used to calculate Chao-2 species
richness estimators and their 95% confidence limits (based on
1000 randomisations without replacement; Chao, 2005; Colwell,

2009) to estimate the total diversity of species in each habitat.
The programPAST 1.91 (Hammer et al., 2001) was used to esti-
mate a range of diversity statistics including Shannon’s Hand,

Simpson’sD for pooled canopy andunderstorey traps.Approxi-
mate 95% confidence intervals (95%) were estimated for these
indices by using 1000 bootstrap replicates. Presence ⁄absence
indices of beta diversity (Koleff et al., 2003) among canopy, un-
derstorey, and over all traps were also calculated using PAST.
Pair-wise beta diversities (Williams b)3; Koleff et al., 2003)
between traps were calculated using the vegan package inR (Ok-

sanen et al., 2008). Phenological patterns of tachinid abundance
anddiversitywere also examined graphically.

Community composition

A permutation-based MANOVA (Anderson, 2001) was imple-
mented in PC-ORD (McCune & Mefford, 2006) to assess
whether tachinid communities in the two habitats were signifi-
cantly different from one another. This test employed Bray-Cur-

tis distances, and 1000 permutations of the data matrix were
used to determine significance. PC-ORD was also used to plot
traps in multivariate space using non-metric multidimensional

scaling (NMS) employing Bray-Curtis distances and 250 itera-
tions (McCune & Grace, 2002). This method employs a Monte
Carlo test (1000 randomisations) to determine the appropriate

number of axes. Parallel analyses were conducted using PAST
and the veganpackage inR (Oksanen et al., 2008). Indicator val-
ues of habitat (canopy and understorey) were calculated follow-

ing Dufrene and Legendre (1997). This method assesses the
habitat indicator value of a taxon based upon both the relative
frequency of a species in each habitat and the frequency of habi-
tat samples (traps) containing that species, and it reaches amaxi-

mum when all individuals of a species are found in one habitat
and all traps in that habitat contain individuals of the species
(Dufrene&Legendre, 1997). Significance ofmaximum indicator

values of species was assessed with a Monte Carlo test employ-
ing 4999 permutations.

Sex ratios and host habitat

The sex ratios of all tachinids with greater than five total indi-
viduals were calculated for each trap type, and the binomial
probabilities of the observed ratios were estimated usingR.Host

associations for each tachinid species were gleaned from the liter-
ature (Herting, 1960; Tschorsnig & Herting, 1994; Cerretti &
Tschorsnig, 2010). The habitat in which tachinids were predomi-

nantly located was examined with respect to their known hosts
to determine whether there was a significant association between
tachinid abundance and host habitat.

Results

Species diversity

A total of 47 tachinid species and 798 individuals were col-

lected over the approximately 8 month course of sampling (see
Table 5). Thirty-six species were recovered from the understorey
traps and 28 species from the suspended canopy traps. Although

overall species richness and abundance were greater in the
understorey traps, most diversity metrics indicate greater overall
diversity and evenness in the canopy traps (Table 3). Observed
rarefaction curves of each habitat exhibit similar patterns of

rapid initial increases in species richness that slow after approxi-
mately 25 samples (Fig. 2). The greater species richness in under-
storey traps is clear, although both curves continue to maintain

positive slopes at themaximumnumber of trap samples. Chao-2
estimators of total species richness suggest that total species rich-
ness of the understorey is approximately 52 species, with only 31

species in the canopy (Fig. 3). These estimates level off quite
rapidly and even decline slightly at higher sample sizes in the
understorey, whereas the canopy estimates increase slightly at

Table 3. Diversity indices for understorey and canopy traps with 95% confidence intervals calculated from 1000 permutations. All indices

differ significantly between habitats (P < 0.005).

Diversity metric

Understorey Canopy

Value )95% +95% Value )95% +95%

Species 36 26 34 28 19 26

Individuals 514 – – 284 – –

Shannon (H) 2.028 1.843 2.137 2.371 2.164 2.454

Simpson (1-D) 0.697 0.6494 0.738 0.845 0.806 0.870

Evenness (e^H ⁄ S) 0.211 0.2107 0.281 0.382 0.387 0.51

Equitability (J) 0.566 0.5452 0.623 0.711 0.702 0.778

Table 4. Beta diversity estimates among canopy, understorey

and all traps.

Index* Canopy Understorey Total

Whittaker bw 1.45 1.625 2.7386

Rouledge bI 0.26313 0.30814 0.37978

Wilson-Shmida bt 2.1437 2.844 5.767

Williams b)3 0.4643 0.4722 0.59574

*Notation of indices follows Koleff et al., 2003.
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the highest sample sizes. However, 95% confidence limits are
broad because of limited sample sizes, particularly the upper
intervals, which suggest that this forest could hold 150 or more
species.

Estimates of beta diversity among traps were consistently
greater for understorey than canopy traps (Table 4). Beta diver-
sity among all traps was much higher than within habitat beta

diversity, suggesting that the two habitat-associated communi-
ties are distinct. Pair-wise estimates of beta diversity reveal a sim-
ilar pattern (Fig. 4) but also suggest that traps within habitats

often exhibit levels of beta diversity equal to or exceeding those
between traps in different habitats.

Community composition

The Bray-Curtis per MANOVA revealed a highly significant

influence of habitat on community composition (F1,12 =
7.3163, P < 0.001). Over 47% of the total variance in commu-
nity composition (species abundance) was explained by habitat.

NMS analysis in PC-ORD recommended a one-dimensional
solution (Monte Carlo test: P = 0.09 for two dimensions) in

which canopy and understorey traps were clearly separated
(final stress = 24.80). Stress levelled off and remained constant
after 20 iterations. Parallel analysis in R with square-root trans-

formed Bray-Curtis distances showed similar separation of traps
by habitat but generally favoured two dimensional solutions
(stress = 14.88; Fig. 5). Calculation of indicator species values

and evaluating their significance revealed the presence of a num-
ber of species that were effective indicators of canopy and under-
storey habitats (Table 5). In particular, Carcelia falenaria and

Compsilura concinnata were highly indicative of understorey
habitats, and Cylindromyia bicolor and Hebia flavipes were
strong indicators of canopy habitat.
Analyses of the effects of forest structure (LIDAR variables)

on community composition over both trap habitats (canopy
and understorey) revealed no significant correlations. When
habitats were analysed separately, no significant correlations

between forest structure variables and composition of canopy
traps were found, but for the understorey traps,Hmax of the first
and second echoes (R2 = 0.875, P < 0.011, and R2 = 0.875,

P < 0.799, P < 0.05, respectively) and Hmed of the first echo
(R2 = 0.927, P < 0.006) exhibited significant associations with
tachinid community structure (Fig. 6).
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Fig. 2. Species richness rarefaction curves by sample with 95%con-

fidence intervals for canopy (top) and understorey (bottom) traps.
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Fig. 3. Estimated total species richness (Chao2 estimator) with

95% confidence intervals for canopy (top) and understorey (bot-

tom) traps.
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Habitat sex ratios and Phenology

A total of 19 species had sample sizes large enough (‡5 indi-
viduals) to estimate sex ratios. Of these, nine had sex ratios with
binomial probabilities <0.05 in at least one habitat, and an

additional four more had binomial probabilities <0.10 (Fig. 7).
Overall, no strong male bias in canopy traps was observed
across species; however, the only significant (P < 0.05) sex ratio
biases in canopy traps were towards males. Both male and

Table 5. Indicator values of tachinid species for canopy (C) and

understorey (U) habitats. Indicator values indicate the per cent of

perfect indication (0–100%). Taxa with indicator values with

P < 0.05 are indicated in bold and those with values 0.05

< P < 0.10 are indicated in italics.

Tachinid species Habitat Value P

Actia infantula (Zetterstedt, 1844) U 14.3 1

Bactromyia aurulenta (Meigen, 1824) C 14.3 1

Campylocheta praecox (Meigen, 1824) C 14.3 1

Carcelia falenaria (Rondani, 1859) U 72.7 0.0082

Carcelia iliaca (Ratzeburg, 1840) C 28.6 0.4515

Carcelia lucorum (Meigen, 1824) U 14.3 1

Ceromya bicolor (Meigen, 1824) U 14.3 1

Ceromya dorsigera (Herting, 1967) U 14.3 1

Cinochira atra (Zetterstedt, 1845) U 57.1 0.0718

Compsilura concinnata (Meigen, 1824) U 93 0.0036

Cylindromyia auriceps (Meigen, 1838) C 14.3 1

Cylindromyia bicolor (Olivier, 1812) C 89.7 0.0004

Cyzenis albicans (Fallén, 1810) C 41.7 0.6719

Dinera grisescens (Fallén, 1817) C 42.9 0.1922

Epicampocera succincta

(Meigen, 1824)

U 57.1 0.0626

Hebia flavipes (Robineau-

Desvoidy, 1830)

C 94.1 0.0026

Hyleorus elatus (Meigen, 1838) C 14.3 1

Linnaemya picta (Meigen, 1824) U 75 0.0270

Litophasia hyalipennis (Fallén, 1815) U 14.3 1

Loewia phaeoptera (Meigen, 1824) U 32.4 1

Lydella thompsoni (Herting, 1959) C 14.3 1

Lypha dubia (Fallén, 1810) U 44.4 0.4077

Macquartia dispar (Fallén, 1820) U 57.1 0.0714

Macquartia tenebricosa (Meigen, 1824) U 14.3 1

Macquartia tessellum (Meigen, 1824) U 14.3 1

Medina luctuosa (Meigen, 1824) C 28.6 0.8380

Medina melania (Meigen, 1824) U 14.3 1

Meigenia mutabilis (Fallén, 1810) C 14.3 1

Ocytata pallipes (Fallén, 1820) U 19 1

Pales processioneae (Ratzeburg, 1840) U 28.6 0.4505

Peleteria iavana (Wiedemann, 1819) U 14.3 1

Peribaea apicalis (Robineau-

Desvoidy, 1863)

C 14.3 1

Peribaea setinervis (Thomson, 1869) C 26.4 0.9436

Peribaea tibialis (Robineau-

Desvoidy, 1851)

U 57.1 0.0692

Phebellia pauciseta (Villeneuve, 1908) C 14.3 1

Phorocera obscura (Fallén, 1810) U 46.5 1

Senometopia lena (Richter, 1980) U 14.3 1

Siphona samarensis (Villeneuve, 1921) U 57.1 0.0734

Siphona (Siphona) cristata

(Fabricius, 1805)

C 14.3 1

Siphona (Siphona) pauciseta

(Rondani, 1865)

U 14.3 1

Stomina caliendrata (Rondani, 1862) U 14.3 1

Sturmia bella (Meigen, 1824) C 7.1 1

Tachina fera (Linnaeus, 1761) U 28.6 0.4505

Therobia leonidei (Mesnil, 1965) C 7.1 1

Triarthria setipennis (Fallén, 1810) C 40.2 0.2909

Vibrissina turrita (Meigen, 1824) C 14.3 1

Voria ruralis (Fallén, 1810) C 14.3 1

Fig. 4. Distribution of pairwise beta diversities (Williams b)
between canopy traps (dotted line), between understorey traps

(black line), and between traps in different habitats (thick grey

line).
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female biases were observed in understorey traps, depending
upon the species.
Temporal patterns of abundance and species richness indicate

early peaks and general declines over the sampling season

(Fig. 8). Two peaks are evident in tachinid abundance: an early
spring peak (perhaps peaking before our sampling commenced)
driven by high tachinid density in the canopy, and amidsummer

peak (early July), driven primarily by high tachinid density in
the understorey. Species richness is not strongly linked to abun-
dance, as peak richness occurs in late spring when abundance is

low. After this point, there is a general decline with minor peaks
inmid-September andOctober for both habitat types.

Fig. 6. Decorana ordination plots of canopy (top) and understo-

rey (bottom) traps with vectors indicating light detection ranging

variables with correlations of P < 0.10. See Table 2 for variable

names. Numbers in parentheses indicate the echo. Influential

tachinid species are indicated by name (see Table 5).

Proportion female

0.0 0.2 0.4 0.6 0.8 1.0

Carcelia falenaria
Cinochira atra

Compsilura concinnata
Cylindromyia bicolor

Cyzenis albicans
Dinera grisescens

Epicampocera succincta

Linnaemya picta
Hebia flavipes

Loewia phaeoptera
Lypha dubia

Macquartia dispar
Medina luctuosa
Ocytata pallipes

Peribaea setinervis
Peribaea tibialis

Phorocera obscura
Triarthria setipennis

Siphona samarensis canopy
understorey

Fig. 7. Sex ratios (proportion female) according to habitat type

of 19 tachinid species for which five or more individuals were col-

lected. Black filled symbols indicate binomial probabilities less

than 0.05, and grey fill indicates probabilities less than 0.10.

Fig. 8. Tachinid abundance (top) and species richness (bottom)

by sampling date over all traps. Heavy black lines indicate the

number of species or specimens for canopy (solid), understorey

(dotted), and both (dashed) habitat types. Lighter grey lines (top)

show mean daily temperature for canopy (solid) and ground

(dashed) traps.
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During the period when climate data were measured, average
temperature was 1.3 �C higher in the canopy, while average

humidity was 11% lower. The highest temperature measured in
the canopy was 34.9 �C, whereas it was 31.9 �C on the ground
(end of June). The average of the 10 hottest days reached

33.2 �C in the canopy and 29.7 �C on the ground; during the
same period, average humidity reached 47% in the canopy and
73% on the ground. Neither tachinid abundance nor richness

was closely correlated with temperatures over the preceding col-
lection period (Fig. 8), although late season declines are associ-
atedwith falling temperatures.

Discussion

Species richness

Relatively few quantitative studies of tachinid diversity exist

with which to compare our results, but it appears that this
isolated fragment of European deciduous forest harbours a
moderately diverse tachinid community. The total of 47 species

is lower than that of comparable studies containing a greater
diversity of habitat types, edge habitats, or grass-forb domi-
nated communities (Belshaw, 1992 (87 spp.); Stireman 2008 (79
spp.); Inclan & Stireman, 2011 (117 spp.)) but comparable to

or greater than that of other temperate forests (Belshaw, 1992;
J.O. Stireman, unpubl. data). These results suggest that forest
habitats, at least those that are fragmented, may generally

possess lower tachinid richness than more open or transitional
habitats. However, tachinid richness of more extensive forest
areas, and its turnover across larger spatial scales in forests, is

unexplored.
Accumulation curves and species richness estimators suggest

that the bulk of the fauna likely to be collected in Malaise traps

in this area of the forest reserve over this season has been sam-
pled. The Chao-2 species richness estimates of total species rich-
ness suggest that we can expect eightmore species to occur in the
canopy and 16 in the understorey habitats. However, confidence

intervals are broad, particularly on the upper end (Fig. 2). In a
previous survey of Tachnidae from the Bosco della Fontana for-
est reserve with only four traps (two ground, two canopy) in

2003, Cerretti et al. (2004b) recovered at total of 41 species.
Interestingly, 13 of these were not recovered in the current study,
and 19 of the species recovered in this study were not found in

2003 (Sorensen similarity index = 0.64). In addition to sam-
pling error, the difference in 2003 vs. 2008 Malaise trap catches
likely reflects year to year variation in the abundance of tachinid
taxa, perhaps associated with population dynamics of their

hosts. The current study adds 11 previously unrecorded species
to the reserve, for a total of 99 species (Cerretti et al., 2004b).
This number is greater than the total expected richness from this

study summed across both habitats (�85; Fig. 3). The total
recorded tachinid fauna for the reserve includes taxa collected
from other non-forest habitats (wetlands, grasslands) and with

other methods (e.g. hand-netting), which may explain the larger
than expected species richness. This figure represents an appre-
ciable fraction of the approximately 600 tachinid species known

fromWestern Europe (Cerretti, 2010).

Canopy vs. understorey communities

Overall species richness and abundance were higher in the
understorey, as has been found for a number of other insect
groups in temperate zone forests (Lowman et al., 1993; Hirao

et al., 2009), including parasitoids (Vance et al. 2007; Pucci,
2008). This pattern is consistent with the previous, more limited
study of Tachinidae in this area by Cerretti et al. (2004b), who

collected very few species and specimens in two 15 m canopy
traps. Studies on the vertical distribution of tachinids by
Tschorsnig and Schubert (1999) and Tschorsnig and Floren

(2000) suggested that the portion of canopy investigated in
Cerretti et al. (2004b) might not have been truly representative
of the biotope. In the current study, the number of species and
individuals collected in the canopy are comparable to those

collected on the understorey, suggesting that the sampling (with
the Malaise traps positioned at a height near the average
maximum height of trees) was more appropriate to investigate

the canopy habitat. In contrast to our results, Stireman (2008)
found higher richness of tachinids in pan-traps suspended in
trees than those in the understorey in a Southwestern US oak

savanna, but these traps were only ca. 2 m from the ground.
Interestingly, the canopy traps in the current study display

higher diversity and evenness indices, and lower Beta diversity,
indicating a more homogenous community with fewer rare taxa

than in the understorey. The understorey is probably a more
complex environment, certainly in terms of floristic diversity
(Mason, 2004), and it may supply more resources needed by

tachinids, such as hosts, adult food sources, and resting spots
(Cerretti 2004b). This could explain the higher richness and
lower evenness in understorey traps.

Species overlap between habitats was appreciable (Sorensen
index = 0.53), but the canopy and understorey habitats clearly
possess distinctive tachinid communities in both species compo-

sition and their relative abundance (Fig. 5). Calculations of beta
diversity among traps and ordination results indicate a sequence
in which canopy traps exhibit the least amount of variation, then
understorey traps, and then among habitat types. These results

are consistent with some other studies of temperate insect com-
munities, which have typically found overlapping but distinct
faunas in the canopy versus understorey layer (e.g. Le Corff &

Marquis, 1999; Vance et al., 2007; Floren& Schmidl, 2008; Puc-
ci, 2008; Hirao et al. 2009). Interestingly, Hirao et al. found
strong vertical stratification for Lepidoptera (hosts of >60% of

tachinid species; Stireman et al., 2006) but weak stratification
for Coleoptera, relative towithin-stratum beta diversity.

Community composition

The relative abundance of tachinid species in canopy and

understorey habitats is likely to reflect where their hosts occur
(females), and where they mate (males). The only taxa highly
indicative of understorey habitat were C. concinnata, C. falena-

ria, and Linnaemya picta. A number of other species were solely
or primarily found in the understorey (and likewise for the can-
opy), but sample sizes were too low to distinguish habitat prefer-

ence from sampling error.Compsilura concinnata is an extremely
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polyphagous tachinid recorded as a parasitoid of over 150 spe-
cies of Lepidoptera (cf. Herting, 1960). Schwenke (1958) men-

tions a preference of C. concinnata for the shady, humid
conditions provided by groups of trees as opposed to isolated
ones; however, it is a euryoecious species, and other studies have

shown a negative correlation between its abundance and forest
size (Tschorsnig et al., 2003). Carcelia falenaria attacks ctenu-
chine arctiids (e.g.Amata spp., Cerretti & Tschorsnig, 2010) and

L. picta attacks ‘cutworm’ noctuids (Herting, 1960), both of
which feed on herbaceous plants likely to be found in the under-
storey (or non-forested areas). Interestingly, these two species

show a strong female sex bias in the understorey traps.
The species Cylindromyia bicolor and Hebia flavipes were

strongly indicative of canopy habitats. In C. bicolor, this could
be associated with higher hemipteran host densities in the can-

opy (untested), but inH. flavipes, a strong male-biased sex ratio
suggests that male aggregation at mating sites could be responsi-
ble for the pattern.

Sex biased habitat use

Males of many tachinid species are known to aggregate in
prominent, sunny locations, especially hilltops (Wood, 1987). A
similar behaviour, which can be termed ‘treetopping’, occurs

with trees. For example, isolated larches in open landscapes are
used as resting points by males of several species of Tachinidae,
with different species occupying branches at different heights

(P. Cerretti, pers. obser.). Tall emergent tree crownsmay be used
in a similar way as aggregation landmarks. Such treetopping
was suggested by Whitmore et al. (2008) to explain the marked

abundance in the canopy of certain species of Sarcophagidae.
Given this, we expected to find stronglymale-biased sex ratios in
the canopy traps. This was clearly the case for several taxa

including H. flavipes, (also see Tschorsnig & Schubert, 1999),
Loewia phaeoptera, and Triarthria setipennis. The last two
species are parasites of centipedes (Chilopoda: Lithobiomorpha)
and earwings (Dermaptera: Forficulidae), respectively, and thus

females are expected to spendmost of their time in the understo-
rey. Hebia flavipes attacks several generalist forest caterpillars
(Herting, 1960), and no strong pattern is expected for females.

Interestingly, strongly male-biased sex ratios were found in the
understorey traps for Siphona samarensis, Macquartia dispar,
and C. concinnata (and to a lesser extent in Lypha dubia and

Phorocera obscura) suggesting that males of these species may
aggregate in sunlit areas of the forest floor or understorey, or
locatemates by othermeans.

Forest structure

Canopy structure variables, asmeasured byLIDAR,were rel-
atively weak predictors of community composition, and the
results of our DECORANA analysis are difficult to interpret.

We found no significant effect of canopy structure on tachinid
community structure in the canopy, suggesting that structure per
semay play only a minor role in determining these assemblages.

The only trend was an association ofCylindromyia auricepswith

diversity of canopy height (Shannon) for the second echo, sug-
gesting an effect of subcanopy density. On the other hand, can-

opy structure variables of maximum and median height (for the
first and second echoes) and variance in canopy height (SD)
appeared to influence ground-level tachinid communities. This

counterintuitive result might be explained by effects of canopy
height on the diversity and abundance of understorey layer her-
baceous plants or the degree of forest floor shading. It should be

noted that for all of these analyses, results are based on compar-
atively few species and much of the variation explained is
because of just a few common species. More extensive sampling

(more traps,more years) could reveal stronger and ⁄or additional
effects of stratum, and canopy structure on species composition.

Phenology

The differing dynamics of abundance between habitats is con-

sistent with the relative discreteness of communities in each habi-
tat. The high early abundance in the canopymay reflect a spring
flush of canopy vegetation and associated phytophagous insects

(e.g. Thomas & Thomas, 1994); whereas the summer peak in
understorey tachinids may largely reflect the major flight period
ofC. concinnata, which accounts for more than half of all tachi-
nid specimens obtained from understorey traps (also see Cerretti

et al., 2004b). Understorey-based studies in other habitats in
North America have found similar early season peaks in rich-
ness and abundance, but also late season pulses of diversity (Stir-

eman, 2008; Inclan & Stireman, 2011). Preliminary data on
understorey forest communities in Eastern North America also
suggest the absence of a late season pulse in abundance or rich-

ness (J.O. Stireman, unpubl. data).

Conclusions

The current study represents the first rigorous quantitative com-
parison of canopy and understorey communities of tachinid par-

asitoids in a forested ecosystem, and one of the relatively few
studies to assess canopy stratification of parasitoids in general.
Tachinid flies likely play important roles in regulating popula-

tions of herbivorous insects and shaping their host-plant use in
forest ecosystems (Lill et al., 2002; Stireman & Singer, 2003). As
might be expected for highly mobile insects such as Tachinidae,

most taxa in this European temperate forest community do not
strictly partition habitats. However, the relative composition
and abundance of taxa collected in each habitat is highly distinc-
tive, accounting for almost half of the total variance in commu-

nity composition. Furthermore, there were strong sex biases for
several species between canopy and understorey habitats. Habi-
tat association appears to be related to host use (at least for

females of some species) and perhaps sites ofmating aggregation
(males) and could be useful in predicting host habitat or manner
of mate location. Forest structure as represented by LIDAR

variables does not appear to have a strong overall effect on
tachinid communities; however, more work is needed in this
area. Despite a lower overall richness and abundance in the can-

opy, consistent with studies of other insect groups in temperate
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canopies, our results indicate that the forest canopy harbours a
distinct and diverse tachinid parasitoid fauna that must be con-

sidered in assessments of insect diversity, community structure,
and the population dynamics of herbivorous insects.
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Naturkunde A (Biologie), Neue Serie, 3, 305–340.

Cerretti, P., Whitmore, D., Mason, F. & Vigna Taglianti, A.

(2004b) Survey on the spatio-temporal distribution of tachinid

flies – using Malaise traps (Diptera, Tachinidae). Invertebrati

di una foresta della Pianura Padana, Bosco della Fontana, sec-

ondo contributo. Conservazione Habitat Invertebrati, 3 (ed. by

P. Cerretti, S. Hardersen, F. Mason, G. Nardi, M. Tisato and

M. Zapparoli), pp. 229–256. Cierre Grafica Editore, Verona,

Italy.

Chao, A. (2005) Species richness estimation. Encyclopedia of

Statistical Sciences (ed. by N. Balakrishnan, C.B. Read and

B. Vidakovic), pp. 7909–7916. Wiley, New York.

Colwell, R.K. (2009) EstimateS, Version 8.2: statistical Estimation

of Species Richness and Shared Species from Samples (Software

and User’s Guide). <http://purl.oclc.org/estimates> September

2009.

Colwell, R.K., Mao, C.X. & Chang, J. (2004) Interpolating,

extrapolating, and comparing incidence-based species accumu-

lation curves. Ecology, 85, 2717–2727.

DeVries, P.J., Walla, T. & Greeney, H. (1999) Species diversity in

spatial and temporal dimensions of fruit-feeding butterflies

from two Ecuadorian rainforests. Biological Journal of the Lin-

nean Society, 68, 333–353.

Dial, R., Ellwood, M.D.F., Turner, E.C. & Foster, W.A. (2006)

Arthropod abundance, canopy structure, and microclimate in a

Bornean lowland tropical rain forest. Biotropica, 38, 643–652.

Doak, P. (2000) The effects of plant dispersion and host density

on parasitism rates in a naturally patchy habitat. Oecologia,

122, 556–567.

Dufrene, M. & Legendre, P. (1997) Species assemblages and indi-

cator species: the need for a flexible asymmetrical approach.

Ecological Monographs, 67, 345–366.

Erwin, T.L. (1982) Tropical forests: their richness in Coleoptera

and other arthropod species. Coleopterists Bulletin, 36, 74–75.

Erwin, T.L. (1983) Tropical forest canopies: the last biotic frontier.

Bulletin of the Entomological Society of America, 29, 14–19.

Faulds, W. & Crabtree, R. (1995) A system for using a Malaise

trap in the forest canopy. New Zealand Entomologist, 18, 97–99.

Floren, A., Biun, A. & Linsenmair, K.E. (2002) Arboreal ants as

key predators in tropical lowland rainforest trees. Oecologia,

131, 137–144.

Floren, A. & Schmidl, J. (eds) (2008) Canopy Arthropod Research.

Basic and Applied Studies from the Higher Frontier. Bioform

Entomology, Nuremberg, Germany.

Hammer, Ø., Harper, D.A.T. & Ryan, P.D. (2001) PAST: Pale-

ontological Statistics Software Package for Education and Data

Analysis. Palaeontologia Electronica, 4, 1–9.

Tachinid parasitoid community stratification 355

� 2011 The Authors
Insect Conservation and Diversity � 2011 The Royal Entomological Society, Insect Conservation and Diversity, 5, 346–357



Herting, B. (1960) Biologie der westpläarktischen Raupenfliegen
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