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1. INTRODUCTION

It has taken over three billion years for life on Earth to evolve to such high complexity
that we see today as biodiversity. At the same time, modern human behaviour is reducing
biodiversity at an alarming pace, and the world’s biota is facing its sixth mass extinction
(Barnosky et al. 2011). Encouragingly, humans attempt to conserve biodiversity for its
intrinsic value and for the ecosystem services biodiversity provides for our survival
and well-being (Cardinale et al. 2012). For nature conservation to be successful, it
must be based on extensive and multidisciplinary scientific knowledge. In ecology, it
is particularly the numerous small organisms of hyperdiverse groups found in remote
locations that preclude us from forming a more complete understanding of the natural
world. This dissertation is a tribute to the tropical “little things that run the world”, which
so often go overlooked by the human eye.

1.1  Obscurity of species diversity and distribution

Some major shortfalls hampering our understanding of biodiversity carry the names of
famous past naturalists (see Cardoso et al. 2011). First, the term Linnean shortfall refers
to how few of the co-inhabitants of our planet have been formally described and given a
scientific identity. The Wallacean shortfall, on the other hand, describes the incomplete
understanding of species’ geographic distribution ranges as extensive areas of the
globe remain unexplored. The Prestonian shortfall highlights the dynamic nature of
biological systems; the commonness and rarity of species and their changes in space and
time are largely unknown. Lastly, the Hutchinsonian shortfall refers to the inadequate
understanding of the multiple ways of life on this planet and of how resources limit the
distribution and abundance of species. These aspects influence how we understand the
complexity of life on this planet.

The seemingly simple question “how many species are there on Earth?” is in fact a
particularly tricky one to answer. One significant theoretical problem is to define what
a species is. Despite being a fundamental unit in all biological studies, there is no one
all-encompassing theoretical definition for species (Wheeler & Meier 2000). A more
practical problem is that simply counting the species on Earth is not possible because a
majority of the world’s species have not yet been discovered and formally described —
nor is it clear how many species are currently described (Erwin 1982, Chapman 2009,
Mora et al. 2011). After nearly 300 years of taxonomic work and about 1.7 million
currently described species (see IUCN 2009), at least 10,000 (May 2000), if not closer
to 20,000 new species are still being described annually. At the same time, numerous
described species are being synonymised every year (e.g., Jussila et al. 2010). Estimates
of the total global number of species vary hugely between 3—100 million (May 2010),
8.7 million total species being one of the latest estimates (Mora et al. 2011). A majority
of the unknown species are invertebrates, especially insects and their relatives (Chapman
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2009). The question then becomes: “how to accurately estimate the total number of
species on Earth?”

Some significant variables in estimating species numbers are species’ level of
specialisation and turnover of species composition in space and time (Erwin 1982,
Novotny et al. 2007, Stork 2007, Dyer et al. 2007, Hamilton et al. 2010). Again, scientific
knowledge to reliably indicate the correct values is seriously wanting. Many species
records are from few point observations, impeding the determination of species’ habitat
requirements and extent of occurrence (Nelson et al. 1990, Schulman et al. 2007, Puhakka
etal. 2011). While new species are still continually being described from relatively well-
studied regions such as Europe (Fontaine et al. 2012), it is particularly deep-sea, soil,
and tropical rain forest ecosystems (especially the forest canopies) that are massively
undersampled environments, entitling them to be referred to as the “last biotic frontiers”
(Erwin 1983, André et al. 1994, Lambshead & Boucher 2003). Paradoxically, species
richness of most terrestrial groups of organisms is highest (Gaston 2000), and the rate
of habitat conversion is alarming (Laurance & Peres 2006), in the inadequately studied
tropical rain forests.

1.2 Large-scale patterns of parasitoid species richness

Insecta is one of the most species rich groups of organisms, and those with a parasitoid
lifestyle have become exceptionally successful (Gauld et al. 2002, see Hamilton et
al. 2010). Parasitoids are insects whose larvae develop by feeding in or on other
arthropods (usually other insects), which results in the death of the parasitoid’s host
(Godfray 1994). Parasitoids are species rich in the orders Hymenoptera (bees and
wasps) and Diptera (flies), and a few are encountered in, e.g., Coleoptera (beetles),
Neuroptera (net-winged insects) and Trichoptera (caddisflies). Following from
their biology, parasitoids play important roles in trophic interactions and food web
dynamics as they influence or regulate the population densities of their hosts. Their
close and typically specialised association with their hosts make parasitoid populations
dependant on the abundance and distribution of suitable hosts, which also makes
parasitoid species particularly vulnerable to different levels of extinctions if host
availability drops significantly (Shaw & Hochberg 2001, Hance et al. 2007). From
the human perspective, the biological control that parasitoids provide is an important
ecosystem service, and accordingly, parasitoids have become widely applied in pest
control in agriculture and forestry (Heraty 2009). However, the potential benefit of
biological control can be only partially exploited in human endeavours since most
parasitoid groups are taxonomically and ecologically poorly known — especially in
the tropics.

The species rich parasitoid wasp taxa Chalcidoidea and Braconidae are known to be
well represented in tropical regions (Noyes 1989, Wharton et al. 1997, Horstmann et
al. 1999), but intriguingly, most species of the large family Ichneumonidae have been
sampled and described from temperate rather than tropical regions (Owen & Owen
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1974, Janzen 1981, Skillen et al. 2000, Jones et al. 2012; but see Gauld 1987, Saaksjarvi
et al. 2004a). In particular, the ichneumonid fauna of tropical rain forest canopies have
been claimed to be scarce (Noyes 1989, but see Horstmann et al. 1999, Querino et al.
2011). The latitudinal diversity distribution of Ichneumonidae is puzzling because many
arthropod groups that ichneumonids utilize as hosts show their highest species richness
in the tropics (Robbins & Opler 1997, Hofer & Brescovit 2001, Erwin et al. 2005,
but see Kouki et al. 1994). Despite the family’s proclaimed poor representation in the
tropics, Ichneumonidae may still be the largest of all animal families with over 100,000
estimated species worldwide (Gauld et al. 2002; Yu et al. 2005: >23,000 described
species). However, recent studies highlight that sampling and description biases have
likely led to underestimating the true tropical ichneumonid diversity (Saédksjarvi 2003,
Santos & Quicke 2011, Quicke 2012). There is thus great need to address the species
richness of tropical Ichneumonidae more accurately.

Even though exact estimation and mapping of biodiversity is not feasible in the near
future, it has long been clear that species richness is unevenly distributed among taxa and
over geographical areas at local to global scale. The latitudinal species richness gradient
is the longest recognized large-scale ecological pattern (Wallace 1878, Hawkins 2001),
followed by extensive investigations on other species richness gradients, e.g, altitudinal
and benthic. Generally, species richness decreases with increasing latitude, altitude,
and depth. However, still after centuries of active research on latitudinal differences in
species richness, there is no consensus on the factors creating and maintaining higher
tropical versus temperate diversity in most groups of organisms. Hypotheses proposed to
explain the pattern can be classified under climatic, ecological, evolutionary, historical,
and spatial themes (Erwin 1985, Hillebrand 2004, Willig 2004, Wiens & Graham 2005,
Mittelbach et al. 2007, Condamine et al. 2012). Understanding why some groups of
organisms are more species rich than others, and why some groups do not follow the
typical latitudinal species richness gradient, can ultimately help us define evolutionary
processes that create and maintain biodiversity.

The parasitoid wasp family Ichneumonidae is a suitable study group because it is
extremely species rich, yet a classic example of a group with an anomalous latitudinal
species richness gradient. The family’s origin dates back to the Early Cretaceous (Grimaldi
& Engel 2005), and the groups within Ichneumonidae have different evolutionary
histories (see e.g., Townes 1963). For example, Labeninaec has a Gondwanan origin
(Gauld & Wahl 2000), Pimpliformes has likely arisen in the northern temperate regions
(Wahl & Gauld 1998), and the pantropical pimpline Camptotypus genus group is an
example of a group that originated and radiated in South America, from where different
lineages have dispersed to the Old World and Australia (Sddksjérvi et al. 2004b). Porter
(1978, 1980) recognised three major evolutionary centres for Neotropical ichneumonids:
the southeast Brazilian subtropical and tropical wet forests, Andean subtropical and
tropical cloud forests, and the Mesoamerican tropical, subtropical and warm-temperate
wet forests, while claiming that the Amazon Basin and the West Indian faunas are
comparatively depauperate. Quicke et al. (2009) recently constructed a large phylogeny
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of the Ichneumonidae based on morphological and molecular data for about 1,000
exemplar taxa.

Over time, different ichneumonid lineages have evolved to exploit various host
groups, especially Lepidoptera (butterflies and moths), Coleoptera, Diptera, other
Hymenoptera, and Araneae (spiders). Koinobiont ichneumonid species generally allow
the host to continue its development after the wasp’s oviposition and they have become
specialised to tolerate or overcome (e.g., via polydnaviruses) the host’s immunological
and chemical defences, whereas the more generalist idiobionts paralyze the host
permanently in order to circumvent its immune system (Askew & Shaw 1986, see Santos
& Quicke 2011). Tropical species are generally considered to be more specialised than
their temperate counterparts, but it is not completely understood whether this also holds
for Ichneumonidae (Gauld et al. 1992). That particularly koinobiont ichneumonids are
supposed to be more species poor at lower latitudes has been ascribed to limitations
emerging from host predation, location and utilization. The hypotheses proposed to
explain the anomalous gradient were recently reviewed by Santos and Quicke (2011),
and they are summarized in Table 1.

Later, high tropical species richness has been discovered in certain ichneumonid
groups, which has prompted speculation over the true nature of the family’s latitudinal
gradient. Particularly some idiobiont and nocturnal koinobiont taxa have been found
to be at their most species rich in tropical areas (Gauld 1987, Sdédksjérvi et al. 2004a),
but the assumption of especially low koinobiont ichneumonid species richness is
still persistent. However, relatively little sampling and description effort has been
addressed on tropical versus temperate ichneumonid species (Horstmann et al. 1999,
Saaksjarvi et al. 2004a, van Noort 2004). Nearly 30 years since the first notions of the
anomalous gradient were reported (Owen & Owen 1974), it was proposed that large
scale patterns of parasitoid insects may be artefacts due to biases in species sampling
and description, and that we know too little about the distributions of ichneumonid
species to draw any conclusions about their latitudinal trends in species richness
(Santos & Quicke 2011, Quicke 2012). However, these recent studies were based
on the world Ichneumonoidea database records (Yu et al. 2005) and did not include
any primary data on tropical ichneumonids. Similarly, Townes and Townes (1966)
had already identified the high diversity and the lack of knowledge of Neotropical
ichneumonids by stating that the species known so far comprised about 10% of the
total Neotropical ichneumonid species richness. However, it took almost 40 years
before the first tropical South American study locality was included in the latitudinal
diversity gradient studies of the family (Séddksjéarvi et al. 2004a). In summary, tropical
ichneumonids are poorly known, and multiple latitudinal species richness trends
may exist within Ichneumonidae depending on the taxon’s biology and evolutionary
history.
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Table 1. Hypotheses proposed to explain low tropical ichneumonid (especially koinobiont)
diversity (modified from Santos & Quicke 2011).

Hypothesis

By

Presumption

Prediction

Resource
fragmentation

Predation on
hosts

Predation on
parasitoids

Interphyletic
competition

Nasty host

Janzen & Pond

1975, Janzen
1981

Rathcke &
Price 1976

Gauld 1987

Eggleton &
Gaston 1990

Gauld et al.
1992, Gauld &
Gaston 1994

Host population densities are
too low in the diverse tropics
to support specialist species
(koinobionts).

Juvenile mortality of groups
parasitizing larval herbivores
(many koinobionts) is higher
in the tropics as predation on
hosts is higher in the tropics.
Due to low host population
densities, koinobionts spend
more time than idiobionts
searching for scarce suitable
hosts in the tropics.

Diversity of other parasitic
organisms is higher in the
tropics than temperate areas.

Tropical plants are more
toxic than temperate plants.
Tropical herbivores obtain
secondary chemicals

from plants. Thus tropical
parasitoids on herbivores
must be specialised to
tolerate host chemical
defences.

Tropical parasitoids are
more generalist (idiobionts)
or better at finding suitable
hosts.

Parasitoids on other

host groups (e.g., pupal
herbivores, concealed hosts)
are more successful in the
tropics (many idiobionts).

Koinobionts will be more
exposed to predation than
idiobionts in the tropics.

Competition for hosts is
higher in the tropics resulting
in reduced parasitoid
diversity.

Parasitoids attacking exposed
hosts or chemically well-
protected life-stages (many
koinobionts) are more
affected by the chemicals
than those attacking
concealed hosts or less-
protected life-stages (many
idiobionts).

1.3 Identification of tropical parasitoid wasp diversity

Correct species identification underpins good ecological studies. Ichneumonidae
is generally regarded as a taxonomically challenging group. One factor significantly
limiting tropical ichneumonid studies is the lack of user-friendly and geographically
extensive identification keys. The Costa Rican Ichneumonidae is a good starting-point
for morphological identification of Neotropical ichneumonids (however, the revisions
do not cover all subfamilies and many South American species are not found in Costa
Rica; Gauld 1988, 1991, 1997, 2000, Gauld et al. 1998, 2002) and among other works
on Neotropical ichneumonids (e.g., Dasch 1974, Porter 1970, 1978, 1980, 1998). To
overcome the limitations of species identification and to gather data for ecological
studies, one can identify specimens first to genera, and then to “morphospecies”, i.c.,
one may create hypothetical groups of species based on their external characteristics
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without formally assigning the specimens to species. However, the description of new
Neotropical ichneumonid genera is frequent (Sééksjéarvi et al. 2003, Palacio et al. 2007,
Broad et al. 2011, Khalaim et al. 2012), demonstrating that the work on revealing the
region’s true ichneumonid diversity is in progress.

Integrating morphological species recognition with molecular methods can
accelerate biodiversity inventories and lead to species identifications. The most widely
used molecular recognition method in animals is DNA barcoding of the c. 600 bp
mtDNA sequence of cytochrome oxidase subunit I (COI). If the DNA has become
very fragmented because, for example, the specimen is old or the sample has been
preserved in weak alcohol, it is possible to use shorter, e.g., 300 bp sequences (DNA
mini-bacoding). Right after the launch of the method about ten years ago (Hebert et al.
2003), DNA barcoding was welcomed with excitement by the scientific community.
DNA barcoding is a global enterprise with a desire to tackle the taxonomic impediment
and ultimately the biodiversity crisis, however, the critics suspect the mission may
fall short of its ambitious goals if it fails to follow the quickly developing fields of
molecular taxonomy and systematics (Taylor & Harris 2012). DNA barcoding has
been discovered to assist species separation successfully in many, but not all (Elias
et al. 2007, Whitworth 2007, Dasmahapatra 2010), animal taxa. In tropical parasitoid
studies, integrating molecular and morphological (and sometimes ecological) species
delineation has facilitated revealing complexes of cryptic species (two or more distinct
species classified as one due to morphological similarity; e.g., Smith et al. 2008). The
method can assign ichneumonids to subfamilies fairly reliably (Quicke et al. 2012), but
it is still little studied whether DNA barcoding can significantly promote separating and
quantifying the frequency of cryptic tropical ichneumonid species.

1.4 Aims of this study

My all-embracing goal was to study whether additional research can reveal reservoirs
of unknown ichneumonid diversity in Neotropical forests. I wanted to address which
ichneumonid groups might be abundant but greatly underestimated in the Neotropical
region, particularly in western Amazonia and Central America, and to study how the
subfamily and species compositions varied over geographic areas. | was also interested
in investigating how large an ichneumonid community could be found in the diverse
western Amazonian lowland rain forest canopies — which have never been studied
extensively for ichneumonids — and what new taxonomic and ecological insights short-
term sampling in the Central American mountains might provide. Last, my intention was
to investigate whether molecular species delineation methods (DNA barcoding of COI)
could assist in the separation of large ichneumonid samples to species. I approached
these topics in four case studies:

I I compare ichneumonid subfamily compositions in western Amazonia, Central
America, and southern United States to demonstrate which subfamilies may be
species rich but understudied in the Neotropics. Surprisingly, some subfamilies
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I

I

v

consisting of mainly small-bodied species or koinobiont parasitoids of Lepidoptera
were relatively equally abundant in tropical and temperate areas. These subfamilies
would be interesting for future latitudinal ichneumonid species richness gradient
studies in the Western Hemisphere because their Neotropical species richness may
be greatly understudied.

I study altitudinal trends of species richness and interesting taxonomic findings in
a geographically extensive but temporally small dataset from Central America. |
conclude that such sampling may boost the description of new species remarkably,
but addressing large-scale ichneumonid diversity patterns should make use of
representative samples of the actual local ichneumonid fauna obtained through
extensive spatial and temporal sampling.

I study whether high abundance of individuals corresponds to a high number of
species in orthocentrine samples from Amazonian Ecuador and Central America.
I further investigate whether molecular and morphological species separation
methods group the specimens similarly. The results show that the species richness
of some ichneumonid groups is radically underestimated in the Neotropics.

I demonstrate how subtle morphological differences some ichneumonid species
have, and how molecular species separation methods can aid in finding these
differences. I conclude that integrating molecular and morphological methods is
recommended when studying the true species richness of tropical ichneumonids.
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2. MATERIAL AND METHODS

I made use of material from previous biodiversity inventories targeting either
ichneumonids (I. E. Sédksjarvi and I. C. Gémez) or general biodiversity (T. L.
Erwin) in western Amazonia, or which had been collected as a part of a leaf-litter
arthropod sampling programme in Central America (J. T. Longino/Project LLAMA;
Table 2). The Central American study area is located in one of Porter’s (1980)
evolutionary centres, while the western Amazonian study areas lie somewhat in the
ecotone of the supposedly depauperate (for ichneumonids) Amazon Basin and the
Andean evolutionary centre. For additional data, I referred to previously published
records of Ichneumonidae subfamily abundances in the southern United States and
Costa Rica (Gaasch et al. 1998, Shapiro & Pickering 2000; case study I), and used
natural history museum collections (BMNH: Natural History Museum, London,
NMNH: Smithsonian Institution, National Museum of Natural History, Washington,
DC, and ANSP: Academy of Natural Sciences, Philadelphia, PA) to confirm species
identifications and to understand the range of intraspecific morphological variation in
different species (II1, IV). (See Fig. 1.)

Table 2. The primary data sets: collectors, study areas and specific locations, original focus
groups, collecting methods, sample sizes (MTM: Malaise trap months), and case studies where
the data sets were investigated.

LLAMA Erwin Saiksjarvi Gémez
Guatemala, '
Area Honduras, Orellana (Ecuador) Loreto (NE Peru) Madre de Dios
i (SE Peru)
Nicaragua

Grivie G, National Reserve  Los Amigos

Place 25 sites oL of Allpahuayo Conservation
Tiputini . .
Mishana Concession
Habitat Sites at 202625 m Lowland rain forest Lowland rain forest Lowland rain forest
Leaf-litter General Ic'hnegmomdae: Ichneumonidae:
et arthropods biodiversit Himplilie, Pimplinae
p Y Rhyssinae P

Method Malaise trapping Canopy fogging Malaise trapping Malaise trapping
Size 15 MTM 1079 foggings 185 MTM 27 MTM
Study ILIIL IV I, 11T I I
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1 Hitchiti Experimental Forest, USA

2 Project LLAMA sites in Guatemala
Honduras and Nicaragua

3 La Selva, Costa Rica

4 Onkone Gare and Tiputini Biological . Figure 1. Areas studied for
Station, Ecuador . : .

5 National Reserve of Allpahuayo ichneumonid - data. Prlmary
Mishana, Peru . data were sampled at areas

6 Los Amigos Conservation 2 and 4-6, and additional

Concession, Peru

published records (Gaasch et
al. 1998, Shapiro & Pickering
2000) were reported from 1
and 3.

2.1 Study region

The Neotropical ecozone is a biogeographic region typically classified to encompass
all of South and Central America, the Caribbean, and parts of southern Mexico, and in
some categorizations, also the southern parts of Florida (USA). The region includes a
great variety of environments from high mountain ranges and vast areas of lowland rain
forests to remote oceanic islands. Some areas of the Neotropics are exceptional in terms
of very high species richness (e.g., western Amazonia; Gentry 1988, Bass et al. 2010)
and high levels of endemism (e.g., the Andes and the Cordilleras; Myers et al. 2000,
Laurance et al. 2011).

The distinct geological histories of Central and South America explain some of the
faunal and floral differences in their biota. The Amazonian landscapes and ecosystems
have been significantly influenced by the Andean uplift. The subduction of the oceanic
Nazca tectonic plate under the South American plate has resulted in the rise of the Andes;
erosion and river dynamics have deposited Andean mineral material across the Amazon
Basin supporting the formation of very species rich communities especially in western
Amazonia (Hoorn et al. 2010). On the other hand, what probably was first a range of
oceanic volcanic islands gradually became the Isthmus of Panama: as the Pacific plate
slid under the Caribbean plate, water-borne sediment started accumulating between the
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islands, and the isthmus closed about three million years ago facilitating the interchange
of northern and southern taxa (Cody et al. 2010).

2.2 Study areas and field sampling

Specimens were collected by Malaise traps and insecticidal canopy fogging. Most of
the original studies were designed to meet the needs of ecological research and used
standardized sampling: Project LLAMA focused on investigating, e.g., altitudinal
differences in species composition, Erwin’s research aimed at understanding
the impacts of road-building and consequent changes in the rain forest canopy
fauna, and Sadksjarvi examined the impacts of habitat heterogeneity on parasitoid
community structure. Making use of material collected by standardized sampling
enables a wider range of research topics to be studied than museum specimens
which are usually point observations lacking detailed documentation of, e.g., the
habitat and climate.

The most commonly used method to sample ichneumonids and other parasitoid
Hymenoptera is Malaise trapping (Fig. 2), while other methods are also applied especially
to catch certain targeted groups (e.g., canopy fogging, pan traps, light traps). Malaise
traps are typically set up at ground-level on supposed insect flight routes. They are tent-
like flight-intercept traps; the flying individual faces a vertical wall typically made of
thin black mesh textile, moves up towards light, is funnelled by a diagonal roof-like
construction usually made of white mesh textile, and eventually falls into a collecting
chamber placed in the uppermost corner of the trap. Malaise traps are usually emptied
every week or fortnight.

The canopy fogging method is based on fogging rain forest vegetation with
pyrethroid insecticide; the pyrethroid enters arthropod tissues causing the individuals
to die and fall down onto sheets spread near the ground (Figs. 3, 4; Lucky et al. 2002,
Erwin et al. 2005). There have been contradictory results published concerning the
efficacy of canopy fogging for collecting tropical ichneumonids. Noyes (1989)
found canopy fogging to be an excellent means of sampling most Hymenoptera —
except Ichneumonidae and Aculeata — present in the canopy of a tropical forest
in Indonesia. Perhaps those two groups were poorly represented in the canopy,
or, the method failed to collect them (possibly because these species are typically
strong fliers). However, Horstmann and others (1999, 2005) collected ichneumonids
successfully in the lowland rain forests of Malaysia, suggesting that ichneumonids
do occur in tropical rain forest canopies, and that they can be sampled successfully
by the canopy fogging method.
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Figure 2. Malaise trap. Photo: I. C. Gémez. Figure 3. Rain forest canopy near Tiputini
Biological Station, Ecuador.

Figure 4. T. L. Erwin and
M. C. Pimienta collecting
canopy arthropods with
insecticidal canopy fogging.
Photo: C. J. Geraci.
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2.2.1 Guatemala, Honduras, and Nicaragua: Project LLAMA sites

Samples were collected as part of the Leaf Litter Arthropods of Mesoamerica (LLAMA)
project in Guatemala, Honduras and Nicaragua, during the transition from dry to wet
season in May—June of 2009, 2010 and 2011, respectively. The project had also collected
samples in Mexico in 2008, but those samples were excluded from my studies. The project
placed emphasis on sampling in evergreen wet forest habitats across multiple altitudes,
and the 26 sites consisted of multiple vegetation types, e.g., primary and secondary
lowland rain forests, cloud forest, and old plantations. The main goal of the project was
to collect leaf litter arthropods by Winkler samples along two transects at each site, but
additional sampling methods, e.g., Malaise traps and beating of vegetation, were also
applied. The project visited each site for 3—7 days, and typically set up four ground-level
Malaise traps in the vicinity of the transects for this period, usually at forest edges or in
small clearings. I studied ichneumonids from 25 sites (no Malaise traps were set up in Pico
Bonito, Honduras) at 20 to 2625 m.a.s.1. collected by Malaise traps. The total sample size
was 436 Malaise trap days (MTD), or approximately 15 Malaise trap months (MTM).
I sorted the specimens to subfamilies and of the Orthocentrinae (Orthocentrus genus
group; Figs. 5, 6) and some Pimplinae (e.g., Pimpla) to morphospecies, while a number
of ichneumonid specialists, S. Bordera (Cryptinae), G. R. Broad (Campopleginae and
Orthocentrinae: Helictes genus group), R. Jussila (Mesochorinae), and 1. E. Saaksjarvi
(remaining groups excluding some Ichneumoninae, Tersilochinae and Tryphoninae:
Netelia), contributed to the morphospecies identification of the rest of the material.

2.2.2 Ecuador: Onkone Gare and Tiputini Biological Station

The two Ecuadorean study sites, Onkone Gare (OG) and Tiputini Biological Station
(TBS), are located near Yasuni National Park, Orellana Province (formerly part of Napo
Province), in the Amazonian lowland rain forests of eastern Ecuador. The Yasuni region
is acknowledged to be one of the most biodiverse areas in the entire world, however,
the active petroleum industry in the area is considered a threat to the area’s biodiversity
(Bass et al. 2010). Each of the sites was 1 ha in size and they are located 21 km apart
from each other. The vegetation in and between the sites consists of primary lowland rain
forest (Fig. 3). The climate is somewhat aseasonal with some changes in the amount of
precipitation. The samples were collected in three times of the year (wettest: January—
February, driest: July, and transition: September—October) across five field work years
during 1994-96 (OG), 1998-99 (TBS), and 200506 (OG).

T. L. Erwin and his team have collected altogether 2100 canopy fogging samples from
the two sites in general exploration of biodiversity (Lucky et al. 2002, Erwin et al. 2005),
and 1079 of them were available for my studies (Fig. 7). The study areas in both OG and
TBS were 100 m x 1000 m in size and included ten 10 m x 100 m transects. Within each
of these transects, ten collecting sheets each 9 m? in size were placed at the same spot on
every sampling event. Each canopy fogging sample was obtained with a single fogging
from a column of vegetation on the collecting surface. In the middle of each collecting
sheet, a jar filled with 80% ethanol was placed in the middle and underneath it as large
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funnel. A two-hour drop time was allowed before sample harvesting. The sampling was
carried out in the early morning hours (4-5 a.m.) when air currents are nil or relatively
low in tropical rain forests and most insects least active.

i i, vli\mf

Figure 6. Orthocentrus sp. 57 face (III). Figure 7. Sample of canopy Hymenoptera.

2.2.3 Peru: National Reserve of Allpahuayo Mishana and Los Amigos Conservation
Concession

I studied samples from two Peruvian sites: the National Reserve of Allpahuayo Mishana
(NRAM) in the north-east of the country, and Los Amigos Conservation Concession
(ACC) in south-eastern Peru. NRAM (ca. 57 000 ha) is located about 25 km southwest
of the large city of Iquitos, department of Loreto. The inventories were conducted by
I. E. Sadksjérvi to study the ichneumonid subfamilies Pimplinae and Rhyssinae for his
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dissertation project (Sadksjarvi 2003, Sadksjarvi et al. 2004, 2006). The area is lowland
tropical rain forest terrain where seasonality is low and the forests are extremely
heterogeneous in structure and species composition (Whitney & Alvarez 1998). The
NRAM area is composed of various rain forest types growing on clayish, white sand or
loamy soils that differ from each other in physiognomy and floristic composition (Kalliola
& Flores Paitan 1998). There were four different sampling areas, each containing several
rain forest types. In total, five Malaise traps were placed in each study area: two in
forests on clayish to loamy soils, and three in forests on nutrient poor white sand soil
with differing humidity and forest structure. The NRAM sampling was conducted in
August 1998-January 1999, and in January 2000—January 2001. The total sample size
was 185 MTM: 44 in 1998 and 141 in 2000.

The other Peruvian site, ACC (ca. 146 000 ha), is located in the department of Madre
de Dios; it is also a lowland rain forest area where the soil types show a mosaic of clayey,
sandy, silty and gravel materials. The climate is humid and seasonal with a pronounced
3—4-month dry season in June—September and wet season in October—May. [.C. Gémez
carried out the sampling as a part of his M.Sc. thesis project. Nine Malaise traps were set
up mainly in primary forests, some in secondary forests, and the distance between the
two most distant traps was approximately five kilometres (I. C. Gémez, pers. comm.).
The traps were run in the dry season of May—July, 2008, making the total sample size
27 MTM.

2.3 Species delimitation, identification, and species richness estimation

Morphological identification was used to sort the specimens to subfamilies (case study
I), morphospecies (I1, III), or described species (IV). In papers III and IV, specimens
were compared to type material or to photographs of type material of described species
to confirm their identity, and in paper II, morphospecies were compared to described
species from Costa Rica. I used molecular species recognition methods in case studies
II and IV. In the former, I tried to form an understanding of how similar were the
results of morphological and molecular species recognition, and in the latter, I studied
how subtle morphological differences may be in genetically clearly distinct species. I
applied DNA barcoding to search for differences in the mtDNA COI sequences. In the
laboratory, I first removed three legs of one side from each specimen and extracted their
DNA. Next, I amplified the COI gene by PCR with the primers LCO and HCO (DNA
barcoding; ca. 600 bp), or K698 and K699 (DNA mini-barcoding; ca. 300 bp). The
cleaning and sequencing of the successful PCR products was conducted by Macrogen
(South Korea). I edited and aligned the sequences in BioEdit, and lastly, constructed
the neighbour-joining trees in MEGA 5.05 to illustrate the genetic distances between
different haplotypes (Saitou & Nei 1987).

When evaluating the sufficiency of sampling effort, I calculated a species accumulation
curve by studying the number of observed species as a function of sampling effort using
EstimateS 8.2.0. A curve reaching an asymptote would indicate that additional sampling
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would not add many new species to the species list, i.e., the sampling effort had been
adequate to collect most of the species of the area (Gotelli & Colwell 2011). When
studying tropical biodiversity inventory data sets, sampling is virtually never complete
because tropical communities are so diverse and many species are rare. In these cases,
when the species accumulation curve does not reach an asymptote, i.e., the total number
of species is not known because not all the species were sampled, species richness can still
be estimated using, e.g. non-parametric estimators (bearing in mind that the estimation
becomes more inaccurate as, for example, study area and complexity increase; Gotelli
& Colwell 2011). In EstimateS, appropriate estimators for abundance data (number of
individuals observed for a species in a sample) are ACE, Chaol and jackknife 1 and
2 (Jackl and Jack2), while estimators requiring replicated incidence data (a species is
detected or undetected in a sample) are Chao2 and ICE (Gotelli & Colwell 2011).
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3. RESULTS AND DISCUSSION

This dissertation demonstrates that an abundant and largely undescribed ichneumonid
fauna resides in the forests of Central America and western Amazonia. I discovered
the Orthocentrinae is generally the most abundant neotropical koinobiont ichneumonid
subfamily and a massively underestimated group in terms of tropical species richness. A
number of other subfamilies are also very abundant and presumably species rich in the
Neotropical region, including many koinobiont groups parasitizing exophytic herbivores
which have traditionally been thought to be poorly represented in the tropics. Many
taxonomically and biogeographically interesting findings can be made for Neotropical
ichneumonids with relatively small sampling-effort, but extensive and long-term
sampling is recommended for studies attempting to elucidate large-scale ichneumonid
species richness patterns. On a number of occasions, I encountered groups of individuals
where morphological differences were too subtle to readily separate individuals to
species, but which molecular data recognized as distinct genetic clusters. These findings
revise the directions for future tropical ichneumonid studies.

3.1 Neotropical ichneumonid subfamilies

My studies made use of a large dataset: I included over 30,000 ichneumonid individuals
from western Amazonia, and over 3,700 from Central America. The individuals
belonged to 23 subfamilies — 20 subfamilies in both data sets — and 17 subfamilies were
collected in both western Amazonia and Central America. In case studies I and II, I
studied ichneumonid subfamily compositions across different latitudes and altitudes
to demonstrate how their diversity is distributed over temperate and tropical areas.
In summary, the groups that are abundant in lowland tropical areas may significantly
influence the understanding of large-scale diversity patterns in Ichneumonidae and the
importance ichneumonid species have in tropical food-web dynamics.

Paper I clarifies which ichneumonid subfamilies are abundant and expectedly species
richin the lowland Neotropics and particularly in western Amazonia. The large sample size
gives reason to expect that the data represent relative western Amazonian ichneumonid
subfamily abundances well (however, some groups may be under represented due to
the collecting methods used, or the patchy distribution of specific micro-habitats, e.g.,
dead wood-material; cf. Ophioninae, Labeninae). Contrary to the common assumption,
a number of ichneumonid subfamilies are very abundant in the western Amazon Basin.
Most subfamilies accounted for similar proportional abundances in the three study areas
(OG and TBS, NRAM, ACC), suggesting the subfamily composition is fairly alike in
different parts of the region. Despite similar relative subfamily compositions, the species
compositions are likely to be different between the areas because western Amazonia
supports a mosaic of multiple rain forest types and a variety of different habitats.
Sampling efficiency and the distribution of the subfamilies probably explain why few
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subfamilies were not found in all three western Amazonian study areas, or why some
were slightly under or over-represented in one area compared to the other two. When
expanding the subfamily composition comparison to lowland forests of Costa Rica and
the south-eastern USA, I detected more variation in the subfamilies present, yet many
subfamilies still showed rather similar proportional abundances across the areas.

In paper I, the most notable result was the high Amazonian abundance of many
koinobiont subfamilies, especially of those parasitising Lepidoptera (Anomaloninae,
Banchinae, Campopleginae, Cremastinae, Ichneumoninae, Metopiinae), which have
generally been considered relatively poorly represented in tropical lowland rain forests.
Also, the subfamilies dominated by small-bodied species (Mesochorinae, Orthocentrinae,
Tersilochinae) are abundant, likely species rich, and unquestionably understudied in the
Neotropics (see also III). The study gave further support to earlier speculation; some
idiobiont ectoparasitoid groups are diverse in the tropics (e.g., Cryptinae, Pimplinae), and
some subfamilies that are relatively common in temperate areas (e.g., Ctenopelmatinae,
Tryphoninae, Diplazontinae, Xoridinae) are rare in the lowland Neotropics probably
because their hosts are centred in temperate environments.

In paper 11, I expanded the study area from lowland forests to an altitudinally wide
study area, and from equatorial latitudes to Central America. | found that the abundance
of Central American ichneumonids seems to be generally highest at middle and high
elevations, and together with the well-studied Costa Rican ichneumonid fauna (Gauld
1988, 1991, 1997, 2000, Gauld et al. 1998, 2002), these studies suggest that elevational
trends vary at the subfamily level. Further, many of the subfamilies that were found to
be more abundant in temperate latitudes in paper I seem to be centred in highlands rather
than lowlands in Central America. Particularly for Ctenopelmatinae and Diplazontinae
(and the majority of Tryphoninae), additional research in the tropical Western
Hemisphere is unlikely to discover such high, currently unknown species richness that
it would challenge the impression of an anomalous latitudinal diversity gradient in these
subfamilies.

Concluding from the subfamilies’ different altitudinal distributions in Central
America, some subfamilies that are common in the South American highlands are
not necessarily encountered in large numbers in lowland Amazonia, and vice versa.
This is supported by material collected from other western Amazonian localities.
While Neotropical diplazontine diversity is centred in the highlands (Gauld 1997), 1
discovered one diplazontine individual (Woldstedtius sp.n.) when going through T. L.
Erwin’s lowland rain forest canopy samples from north-eastern Peru (Loreto: Sucusari).
Also, C. Castillo’s field work in the Peruvian Andes has sampled single individuals of
Poemeniinae and Acaenitinae usually encountered in the temperate areas in the Western
Hemisphere, but apparently never before in western Amazonia (Castillo et al. 2012).
These findings suggest that although the subfamilies are generally restricted to temperate
environments, some lineages have diverged and species have adapted to areas and living
conditions atypical of the subfamily. Which ichneumonid groups have temperate origins,
which of their lineages (e.g., genera) have successfully exploited new niches in tropical
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areas, and which attributes have enabled these niche shifts, are fundamental questions
for future tropical ichneumonid studies.

3.2 Neotropical ichneumonid species richness and distribution

Inpapers Il and I1I, I studied ichneumonids identified to the species level. The former study
covered nearly all sampled ichneumonid taxa, i.e., 2,843 Central American individuals
identified to 750 morphospecies in 19 subfamilies, and the latter included 1,549 Central
American and Ecuadorean orthocentrine individuals identified to 177 morphospecies.
In paper I1, I examined whether short-term sampling collects more species in highland
than lowland areas and whether the species show a general tendency to be restricted
to certain altitudes. In paper III, I familiarized myself with the unknown species as |
addressed the numbers of undescribed and cryptic orthocentrine species in the samples.
I further investigated differences in species compositions between study areas (III) to
form a preliminary idea of species’ habitat preferences and the extent of their distribution
ranges. Answering these questions about ichneumonid species numbers and distribution
ranges may advance our understanding of the family’s diversity in different Neotropical
environments and in the region as a whole.

Even a rapid inventory like that carried out in Central America can produce
taxonomically very informative Neotropical ichneumonid material (II). Discoveries
of just a few Neotropical specimens may require re-definitions of the morphological
characteristics of ichneumonid genera (Palacio et al. 2010), and even subfamilies (Broad
etal. 2011). However, addressing large-scale ichneumonid diversity patterns is a complex
task that should make use of representative samples of the actual local ichneumonid
fauna obtained through spatially and temporally extensive sampling. These observations
are certainly not new for tropical arthropod studies in general (see Coddington et al.
2009), or ichneumonid studies in tropical and temperate regions specifically (Sadksjarvi
et al. 2004, Fraser et al. 2008). However, the importance of extensive sampling is worth
highlighting here because the classic impression of low Neotropical ichneumonid
diversity relies largely on incomplete point-observation records rather than on large-
scale sampling programmes (Porter 1980, Gupta 1983, Yu et al. 2005; excluding Gauld
and others’ work in Costa Rica, Sddksjarvi et al. 2004 in north-eastern Peru). Large-
scale species richness patterns remain obscure especially for those groups observed to
be abundant in middle and low elevation tropical forests (I, II), which should encourage
future research to emphasise the lowland Neotropical ichneumonid fauna.

When focusing only on Orthocentrinae and expanding the species composition
comparison over a wider geographical region from Central America to Amazonian
Ecuador, I discovered that the study areas had few species in common, both faunas were
species rich, and they were comprised exclusively of undescribed species (III). The 177
morphospecies are over 12 times the the 14 currently described Neotropical, over three
times the 48 tropical, and even more than the total 151 currently described Nearctic
orthocentrine species (Yu et al. 2005). Some morphospecies also contained potential
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cryptic species not easily distinguishable using morphological features (see below
3.3). Neotropical orthocentrine diversity will not total 177 species; the species number
estimators indicated higher total local diversity for both study areas, and the sampling
covered only a small fraction of the spatial and temporal habitat complexity. There is
also reason to expect Orthocentrinae to be diverse and understudied in the tropics of
other continents. These findings give no evidence of an anomalous trend of decreased
orthocentrine diversity in the tropics. On the contrary, they indicate that orthocentrine
species richness may in fact be higher in tropical than north temperate areas of the
Western Hemisphere. However, there is also the possibility that species richness of some
orthocentrine genera has been underestimated in the temperate and sub-arctic regions
too, further obscuring any latitudinal gradients in species-richness.

Such drastic underestimation of tropical Orthocentrinae diversity may be largely
explained by the species’ inconspicuous habitus and a lack of taxonomic expertise in
the group. Parasitoids of Diptera are generally a very large sector of parasitoid diversity
which has been overlooked (Jussila et al. 2010), including in the Neotropics; for
example, Arias-Penna et al. (2012) describe 24 new Neotropical species of Trichacis
Foerster (Hymenoptera: Platygastridae) from only 145 individuals. Like Orthocentrinae,
the species of Trichacis are presumed to be koinobiont endoparasitoids of Diptera,
but attacking gall midge larvae (Diptera: Cecidomyiidae) rather than Sciaroidea (the
presumed hosts of most orthocentrines). Costa Rican Orthocentrinae have not been
revised but such work might give a boost to incorporating Orthocentrinae into ecological
studies of the region.

3.3 Integrating species identification methods

The results of papers III and IV confirm that integrating multiple identification methods
can greatly aid the discovery of morphologically very similar ichneumonid species.
In paper III, I obtained COI sequence data for 226 individuals of 57 morphospecies
to estimate cryptic species diversity in the sample. For 14 morphospecies there were
deep genetic divergences, with individuals of single morphospecies clustering in two
or three groups, potentially containing a total of 31 species not easily distinguishable
using morphological features. The results of paper III demonstrate that morphologically
similar but molecularly distinct species are not uncommon in Neotropical ichneumonid
data. In paper IV, I took one step further and used COI data to help separate one species
into two; the pimpline species Pimpla croceipes Cresson (Ichneumonidae: Pimplinae)
was discovered to be P. croceipes and P. molesta stat. nov. First, COI sequence data
helped divide the 77 sequenced Guatemalan and Honduran Project LLAMA specimens
into two clusters that were genetically deeply divergent. When expanding the study
to cover altogether 361 specimens (Project LLAMA and BMNH collections), some
subtle morphological characters separating the two species could be confirmed. The
study demonstrated that even relatively large, common, and widespread co-occurring
ichneumonid species may have been defined incorrectly if the identification was based
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solely on morphological identification methods. These observations encourage the
application of molecular species identification methods along with morphology in future
ichneumonid studies.

Paper IV was based only on the Honduran and Guatemalan LLAMA project samples.
I received samples from Nicaragua after completing the study and found that they
included 45 individuals of P. croceipes but not a single individual of P. molesta. The
morphological characters listed in paper IV apply well in distinguishing the species
when considering also the Nicaraguan material. This observation, together with the fact
that P molesta was shown to occur on average at somewhat different altitudes than
P. molesta, suggest that the species have somewhat dissimilar geographic distribution
ranges (however, the sampling periods were too short to detect all the species of the areas,
see II). The species were also collected in exactly the same samples. This sympatric
occurrence confirms that the species’ morphological and molecular differences are not
just intraspecific variation between distinct populations of one species, but that they are
actually two distinct entities.

Concluding whether the observed differences represent intra- and interspecific
variation may be difficult if the specimens are not sampled from the same localities.
For example, slight differences in the molecular or morphological structures may
represent variation between geographically distant populations and not between two
species. In situations like these, the identity of the species might be confirmed with
more extensive data (e.g., multiple genes and/or specimens from intermediate localities).
Another problem may arise if morphologically similar individuals show relatively high
intraspecific variation in the COI sequence. For example, in paper III, I identified
Chilocyrtus sp. 15, Gnathochorisis sp. 3, Orthocentrus sp. 44 as distinct morphospecies
supported by both morphological and molecular data, but alternatively, the individuals
might represent complexes of morphologically similar yet molecularly different cryptic
species. These uncertainties in determining correct species boundaries address the
practical difficulty of deciding when the “barcoding gap” (a threshold to define distinct
species in the neighbour-joining tree; Wiemers & Fiedler 2007) is significant with the
COI data. Thus, increasing sample size and sampling intensity, and including additional
information on, for example, sampling localities and hosts, may give new informative
insights into determining correct species boundaries.

Any improved species identification methods are good news for accelerating
biodiversity research and for understanding hyperdiverse, taxonomically challenging
and poorly known groups such as Ichneumonidae. DNA barcoding is currently the most
widely applied molecular method in species identification. However, for informative
results, COI sequence data has to be compared with morphological data, which again
requires taxonomic expertise. Genetic research methods are advancing rapidly, and
soon new molecular species identification methods may prove more efficient than DNA
barcoding (Shendure & Ji 2008). Adopting the most effective research methods would
certainly be an asset when trying to understand the diversity of ichneumonids, and in a
broader context, when battling biodiversity loss and taxonomic shortfalls.
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3.4 Some challenges for uncovering the true extent of tropical
ichneumonid diversity

The results presented here indicate which ichneumonid subfamilies would be interesting
for future tropical studies and highlight the need for integrating different species
identification methods in obtaining correct data. While these advances are important,
there is still plenty of work to do before ichneumonid diversity can be understood well
at different spatial and temporal scales. The difficulty in establishing species richness
patterns of Ichneumonidae and understanding species’ roles in ecological interactions
probably has a lot to do with the relative lack of taxonomic expertise and scarcity of
research projects given the family’s large size. The taxonomic impediment — generally
referring to the lack of trained personnel and funding to discover and comprehend the
unknown biodiversity — is widely acknowledged as hampering biodiversity conservation
and management. Next, I will briefly discuss how the Linnean, Wallacean, Prestonian
and Hutchinsonian shortfalls mentioned in 1.1. are linked with the results presented here
and with ichneumonid research in a wider context.

3.4.1 The unknown nature of species, their distribution ranges, and level of
specialisation

Most species are undescribed (the Linnean shortfall), and a demonstrative example
of that is the startling number of undescribed orthocentrines discovered in paper III.
If detecting morphologically distinct species was not demanding enough, addressing
which species are actually cryptic complexes complicates the matter even further
(IIL, IV). Studies integrating morphology, DNA barcoding, and ecological data, have
revealed morphologically very similar parasitoid species complexes from both tropical
and temperate regions (Smith et al. 2008, Fernandez-Triana et al. 2011). Whether cryptic
parasitoid species are prevalent enough to significantly raise the already high estimates
of the total number of ichneumonid species remains to be seen.

Because species distributions are mostly unknown (the Wallacean shortfall), basic
ecological data are limited for ichneumonids when focusing only on described species.
Further, previously gathered ecological information may be difficult to trace back to
correct species when species are shown to be complexes of several species (IV), or to have
been misidentified (often the case in poorly characterized faunas). Tropical (koinobiont)
parasitoid species are generally regarded as highly specialised in exploiting certain
resources (cf. the nasty host hypothesis; Gauld et al. 1992, Dyer et al. 2007), which would
indicate that their potential to occupy wide geographic areas is limited. Papers II and
III give some insights into the distribution of tropical ichneumonids. Paper II supports
previous observations for Costa Rica (see above) that relatively few ichneumonid species
may occur across a wide altitudinal gradient, while paper III indicates that relatively few
orthocentrine species may be shared over large Neotropical areas, namely between Central
America and western Amazonia. Information on species distributions is necessary for
understanding their habitat preferences and estimating total species richness.
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Level of specialisation is one of the key variables when estimating the number and
distribution of ichneumonid and other parasitoid species in temperate and tropical
regions. As noted above, tropical parasitoids are generally regarded as highly specialised
to exploit certain resources. However, host records are available for very few tropical
ichneumonid species, and thus the level of specialisation in tropical ichneumonids
is largely unknown (cf. the Hutchinsonian shortfall). Parasitoid host data are often
gathered as a part of Lepidoptera rearing projects (e.g., Costa Rica: D. H. Janzen and
L. A. Dyer; Ecuador: L. A. Dyer; South East Asia: V. Novotny; Uganda: H. Roininen;
and a newly started project focusing on Ichneumonidae in north-eastern Peru: I. E.
Sadksjarvi). Because rearing is laborious and produces information mainly about the
groups parasitizing larval Lepidoptera, molecular methods such as DNA barcoding of
the parasitoid gut contents have been employed to gather parasitoid host data to increase
the accuracy of food web studies (Rougerie et al. 2011).

Some tropical ichneumonid studies have investigated the level of specialisation of
species to certain habitats (cf. the Hutchinsonian and Prestonian shortfalls). Sddksjérvi et
al. (2006) did not find the mainly idiobiont Pimplinae and Rhyssinae ichneumonids to be
clearly specialised to particular forest types in north-eastern Peru. At OG and TBS —which
represented high beta diversity in tree species composition — the observed orthocentrine
fauna shared many species (39 out of 95 morphospecies were collected at both sites; I1T).
These findings encourage the tentative proposal that spatial turnover of ichneumonid
subfamilies may not be as high as that of certain plant groups in western Amazonia,
however, other biologically different ichneumonid groups must naturally be studied
before drawing general conclusions about the spatial distribution of ichneumonids in
the tropics. Aridity, or scarcity of humid and shady forested habitats, has been proposed
several times to affect ichneumonid diversity at different spatial scales, as discussed
in paper 1. Also, as many ichneumonid species are strong fliers, they may move some
distances between different forest types but prefer only some for reproduction. In
summary, future ichneumonid research should embrace multiple tropical rain forest
types and vegetation strata to reveal how ichneumonids are distributed spatially.

In Paper I, I showed that koinobiont ichneumonids parasitising Lepidoptera are
relatively abundant in western Amazonia. Because high abundance is often an indication
of a high number of species in tropical ichneumonid studies (Coddington et al. 2009),
the koinobiont ichneumonid parasitoids of Lepidoptera can thus be assumed also to be
species rich in the samples. This assumption is supported by the results of paper III
where the 1,078 Ecuadorean orthocentrines (koinobiont endoparasitoids of Diptera)
included a minimum of 95 morphospecies, 27 of them being singletons (28%) and 18
doubletons (19%). Koinobiont endoparasitoids of Lepidoptera are a classic example
of ichneumonids thought to have an anomalous latitudinal diversity gradient (Sime
& Brower 1998). If their tropical diversity were proven to be remarkably higher than
assumed, it would require a re-evaluation of the role of specialisation in the evolution
of high species diversity and distribution patterns of Ichneumonidae, and ecological
ichneumonid studies in general.
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3.4.2 Turnover of species composition in space and time

Yet another aspect complicating ecological research in general is the dynamic nature
of biological systems; the abundance of ichneumonid species and their spatial and
temporal turnover is largely unknown (cf. the Prestonian shortfall). Most neotropical
ichneumonids are either rare or rarely collected, as even extensive sampling produces
only a few specimens of most species (Sddksjérvi et al. 2004). The sampling of the
Ecuadorean canopy fauna included multiple replicates, and still the number of singleton
and doubleton orthocentrine specimens remained quite high (see above). However, as in
any fauna, there are still some commonly encountered species, such as the characteristic
pimplines of paper IV. In the Ecuadorean Orthocentrinae data there were also some
relatively very abundant morphospecies, like Orthocentrus sp. 57 (Figs. 5, 6) which
comprised 11% of the total 491 Orthocentrus genus group female specimens. Since
the goal in paper III was to identify the minimum number of morphospecies, further
research (e.g., sequencing additional genes) might separate some of these abundant
morphospecies into multiple species.

The Prestonian shortfall takes into account the temporal aspect of species turnover,
which is little studied for tropical ichneumonids. The few available studies on tropical
ichneumonid seasonal flight activity suggest that seasonal rainfall may affect the numbers
of observed ichneumonids, their community structure, and trophic interactions, possibly
through resource availability (Owen & Chanter 1970, Gauld 1991, Shapiro & Pickering
2000). Interestingly, months of peak abundance differ somewhat for koinobionts and
idiobionts (Gauld 1991), and ecologically different subfamilies (Shapiro & Pickering
2000), perhaps because the necessary host stages for koinobionts are more temporally
limited than for idiobionts (idiobionts typically attack late instar larvae or pupae, which
may stay in that stage until the conditions become more favourable). In Costa Rica,
the majority of koinobionts are active at the beginning of the rainy season, while most
idiobionts appear slightly later in the season and remain active into the dry season (Gauld
1991). What the situation is for ichneumonids in the less seasonal equatorial Amazonia
has not previously been demonstrated.

To study whether similar temporal patterns as in Costa Rica pertain also for the
less seasonal western Amazonia, for koinobionts and idiobionts, I observed seasonal
differences of abundance for 20 subfamilies (Pimplinae was further divided into four
biologically distinct groups, see Sddksjérvi et al. 2004; thus 23 parasitoid groups)
in about one half of the Ecuadorean OG and TBS canopy fogging material (2,882
individuals). Most parasitoid groups peaked in abundance in the transition season
(transition: 16, driest: 5, wettest: 1, wettest and transition equally abundant: 1).
Koinobiont individuals were also most abundant in transition season in each study year
(transition 862, wettest 554, driest 516 individuals), and less clearly so for idiobionts
(transition 346, driest 320, wettest 284). Koinobiont abundance was most often highest
in the transition season especially in the OG 1996 and TBS 1998-99 study years (Fig.
8), whereas that of idiobionts did not usually peak in any season, or only for the
larger parasitoid groups which were mainly endoparasitoids of concealed Lepidoptera
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(Ichneumoninae, Pimplinae 2: represented in the data by Neotheronia, Xanthopimpla,
and non-endoparasitoid Camptotypus genus group; Fig. 9). Interestingly, contrary to
most koinobiont groups, the abundance of the Orthocentrinae drops in the OG 1996
transition season (Fig. 8). Orthocentrines parasitise fungivorous Diptera that feed on
organic material in moist habitats, and their rareness in the OG 1996 samples may be
due to the El Nifio Southern Oscillation (ENSO) causing drought in that particular
period (see Lucky et al. 2002, Horstmann et al. 2005, Shapiro & Pickering 2000).
Overall, the results suggest that Ichneumonidae diversity exhibits seasonal patterns
also in the equatorial rain forests where seasonality is low, and parasitoid abundances
may be influenced by host availability.

Gauld (1991) suggests that koinobionts synchronise their active periods with their
mainly herbivorous larval hosts. The more generalist idiobionts, many of which have
wider host range and are pupal parasitoids, would remain active for a longer period of
time. In Owen & Chanter’s (1970) study, the highest numbers of ichneumonids coincided
with highest amount of average rainfall and highest numbers of Lepidoptera, one of the
most common host groups of Ichneumonidae. Both of the studies propose that adult
ichneumonids are observed in highest numbers when their food availability is increased.
When hosts are not available, ichneumonids would pass the unfavourable period in
dormancy or as juvenile stages. In general, recognising how insect abundances change
temporally is important for arriving at correct conclusions about species diversity and
ecology. Studying the western Amazonian canopy ichneumonid subfamily composition
suggests that tropical ichneumonid diversity is best understood through inventories that
extend over multiple years and seasons.

Anomaloninae Banchinae Campopleginae
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Metopiinae Nesomesochorinae Ophioninae
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Figure 8. For several koinobiont parasitoid groups, the observed abundances increase in the
transition seasons. Orthocentrinae abundance is illustrated on the secondary y-axis.
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Figure 9. Observed idiobiont abundances are not significantly higher in the transition seasons.
Cryptinae abundance is illustrated on the secondary y-axis.

3.5 Conclusions and future directions

In this dissertation, I have shown that additional research in Neotropical rain forest
environments can increase the number of known tropical ichneumonid species remarkably
(Fig. 10). Some of the most important findings were that: 1) Neotropical ichneumonid
species richness is probably most radically overlooked for certain small-bodied and
koinobiont groups that parasitise Lepidoptera; 2) western Amazonian lowland rain forest
canopies support a species rich ichneumonid fauna; and 3) integrating morphological
and molecular species identification methods is advisable for attaining correct estimates
of tropical ichneumonid diversity. The results also support some wider conclusions and
guidelines for future research discussed below.

The tropical Ichneumonidae fauna is likely to be much more species rich than is
currently reported, and samples from the species rich primary tropical rain forests ought to
be incorporated into future temperate-tropical comparisons. As the family is of enormous
size, encompasses a great variety of parasitoid life history strategies, and all lineages have
distinct evolutionary histories, it seems best to investigate the latitudinal species richness
gradient of Ichneumonidae with smaller clades or functional groups within the family. Once
large-scale diversity patterns become better known at the subfamily or biological group
level, it will be easier to distinguish factors creating and maintaining them. I suggest that
the subfamilies potentially exhibiting a regular latitudinal diversity gradient in the western
Hemisphere are the small-bodied Mesochorinae, Orthocentrinae and Tersilochinae, and
the koinobiont lepidopteran parasitoids of the Anomaloninae, Banchinae, Campopleginae,
Cremastinae, Ichneumoninae and Metopiinae, but only future research can clarify this
supposition. Just collecting primary data on these groups in the tropics is not sufficient,
but the results should be compared with reliable and representative data from temperate
regions and with biologically distinct ichneumonid groups.
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Overall, the results presented here call for a rigorous evaluation of the true diversity,
distribution, and ecological importance of Ichneumonidae in the tropics and worldwide,
ideally using spatially, temporally and methodologically extensive standardised
sampling and latest research methods. Studies should embrace, for example, multiple
biogeographical regions, tropical rain forest types, vegetation strata, years, seasons,
collecting methods, and identification techniques. Host records are vital for exposing
the level of specialisation and food web dynamics. Morphologically very similar species
complexes may bias ichneumonid study results to some degree if cryptic diversity is not
addressed by, particularly, molecular species delimitation methods. The widely applied
DNA barcoding can give a general overview of ichneumonid diversity in a sample but
due to the limitations of the procedure, more advanced genetic methods may prove more
useful in the future. Finally, using “residual” material from biodiversity inventories
directed at other taxa can facilitate the discovery of tropical arthropod diversity.
Increasing anthropogenic pressure on natural tropical environments encourages the
adoption of new, productive research methods and the prompt addressing of the true
extent of tropical ichneumonid diversity at different scales.



32 Acknowledgements

ACKNOWLEDGEMENTS

Throughout these years, I have enjoyed enormously having a chance to carry out research,
network, and unwind, with a diverse and inspiring bunch of people. My greatest thanks go
to Ilari, for your catchy enthusiasm that drew me to study ichneumonids in the first place,
and your continuous and effusive support that has encouraged me to pursue many goals
in these years. Terry, above all else, thank you for showing me what the big world has
got to offer, and for having so much confidence in me. Niklas, your calm determination
and clarity of mind often left me in admiration, and I am grateful to you for helping me
put the various plans into action. My unofficial supervisor Gavin — “a friend in need is
a friend indeed” — your support and expertise helped a lot to pull these studies together.
Thank you also to Jack, for letting me study your samples, and for all the insightful
comments that always gave a nice boost to the writing process. Many thanks also to my
other co-authors Isrrael, Reijo, and Santiago, for sharing this experience.

I have been lucky to work in many great institutions making friends and being offered
helpful advice when needed. The people at the Zoological Museum have managed to
create a very cosy work atmosphere. So thank you Anita, Anssi, Ari L and Ari K, Carol,
Eero, Henna, Inkeri, Jukka, Liisa, Lili, Matti, Pekka, Riikka, Ritva, Sepe, Seppo, Vexi
and Wan, and the students and the many regular visitors to the museum. There is a great
many more people in the University of Turku Department of Biology who I think of very
warmly, and here [ want to say special thanks to the Amazon Research Team members,
Kaitsu, Tero, Niklas’s lab, and all the interns who have worked with us. Many thanks
also to the staff of the Smithsonian Institution National Museum of Natural History and
the Natural History Museum of London. Thank you everyone in Brian Farrell’s lab at the
Harvard Museum of Comparative Zoology for the welcoming atmosphere that has made
turning the next page in life smooth and exciting.

On the financial side, my post-graduate research was made possible by personal and
travel grants from the Finnish Cultural Foundation, Finnish Society of Forest Science,
the Jenny and Antti Wihuri Foundation, Smithsonian Institution, SYNTHESY'S, and
the University of Turku Foundation. The lab work expenses were covered by the Kone
Foundation and the Academy of Finland grants to my supervisors (IES and NW). Various
sources mentioned in the case studies enabled my collaborators to carry out field work
successfully.

Working and participating in scientific gatherings abroad always broadened my world
view, and the fellow parasitoid apprentices made the experiences memorable. Returning
home and reconnecting with my dearest friends helped me put life more into the right
perspective again — Anna, Annukka, Elsi, Emmi, Jenni, Juulia and Marianna, you are
wonderful. The love from my family has been the driving force enabling me to take these
steps. Finally, thank you Andrés, for being there and for your love.



References 33

REFERENCES

André HM, Noti M-I & Lebrun P (1994) The soil
fauna: the other last biotic frontier. Biodiversity and
Conservation 3: 45-56.

Arias-Penna TM, Masner L & Delsinne T (2012)
Revision of the Neotropical species of Trichacis
Foerster (Hymenoptera: Platygastroidea:
Platygastridae), with description of 24 new species.
Zootaxa 3337: 1-56.

Askew RR & Shaw MR (1986) Parasitoid
communities: their size, structure and development.
Insect Parasitoids (ed. by Waage J and Greathead
D), pp. 225-264. Academic Press, London.

Barnosky AD, Matzke N, Tomiya S, Wogan GOU,
Swartz B, Quental TB, Marshall C, McGuire JL,
Lindsey EL, Maguire KC, et al. (2011) Has the
Earth’s sixth mass extinction already arrived?
Nature 471: 51-57.

Bass MS, Finer M, Jenkins CN, Kreft H, Cisneros-
Heredia D, McCracken SF, Pitman NCA, English
PH, Swing K, Villa G, et al. (2010) Global
conservation significance of Ecuador’s Yasuni
National Park. PLoS One 5: e8767.

Broad G, Saéksjarvi IE, Veijalainen A & Notton D (2011)
Three new genera of Banchinae (Hymenoptera:
Ichneumonidae) from South America. Journal of
Natural History 45: 1311-1329.

Cardinale BJ, J. Duffy JE, Gonzalez A, Hooper DU,
Perrings C, Venail P, Narwani A, Mace GM, Tilman
D, Wardle DA, et al. (2012) Biodiversity loss and its
impact on humanity. Nature 486: 59-67.

Cardoso P, Erwin TL, Borges PAV & New TR (2011)
The seven impediments in invertebrate conservation
and how to overcome them. Biological Conservation
144: 2647-2655.

Castillo C, Sadksjéarvi IE, Bennett AMR & Broad GR
(2011) First record of Acaenitinaec (Hymenoptera,
Ichneumonidae) from South America with
description of a new species and a key to the world
species of Arotes Gravenhorst. ZooKeys 137: 77-88.

Chapman AD (2009) Numbers of Living Species
in Australia and the World. 82 pp. 2™ edition.
Australian Biological Resources Study, Canberra.
ISBN (online) 978 0 642 56861 8. Available from
http://www.environment.gov.au/biodiversity/abrs/
publications/other/species-numbers/2009/pubs/
nlsaw-2nd-complete.pdf

Coddington JA, Agnarsson I, Miller JA, Kuntner
M & Hormiga G (2009) Undersampling bias: the
null hypothesis for singleton species in tropical
arthropod surveys. Journal of Animal Ecology 78:
573-584.

Cody S, Richardson JE, Rull V, Ellis C & Pennington
T (2010) The great American biotic interchange
revisited. Ecography 33: 326-332.

Condamine FL, Sperling FAH, Wahlberg N, Rasplus
J-Y, Kergoat GJ (2012) What causes latitudinal
gradients in species diversity? Evolutionary
processes and ecological constraints on swallowtail
biodiversity. Ecology Letters 15: 267-277.

Dasch CE (1974) Neotropic = Mesochorinae
(Hymenoptera: Ichneumonidae). Memoirs of the
American Entomological Museum 22: 1-509.

Dasmahapatra KK, Elias M, Hill RI, Hoffman JI &
Mallet J (2010) Mitochondrial DNA barcoding
detects some species that are real, and some that
are not. Molecular Ecology Resources 10: 264—
273.

Dyer LA, Singer MS, Lill JT, Stireman JO, Gentry
GL, Marquis RJ, Ricklefs RE, Greeney HF, Wagner
DL, Morais HC, et al. (2007) Host specificity of
Lepidoptera in tropical and temperate forests.
Nature 448: 696—699.

Eggleton P & Gaston KJ (1990) “Parasitoid” species
and assemblages: convenient definitions or
misleading compromises? Oikos 59: 417—421.

Elias M, Hill RI, Willmott KR, Dasmahapatra KK,
Brower AVZ, Mallet J & Jigging CD (2007) Limited
performance of DNA barcoding in a diverse
community of tropical butterflies. Proceedings of
the Royal Society B 274: 2881-2889.

Erwin TL (1982) Tropical Forests: Their richness
in Coleoptera and other arthropod species. The
Coleopterist Bulletin 36: 74-75.

Erwin TL (1983) Tropical Forest Canopies: The Last
Biotic Frontier. Bulletin of the Entomological
Society of America 29: 14-20.

Erwin TL (1985) The taxon pulse: A general pattern
of lineage radiation and extinction among carabid
beetles. Taxonomy, phylogeny, and zoogeography
of beetles and ants: a volume dedicated to the
memory of Philip Jackson Darlington Jr. 1904—1983
(ed. by Ball GE), pp. 437-472. Dr. W. Junk b.v.
Publishers, The Hague.

Erwin TL, Pimienta CM, Murillo OE & Aschero V
(2005) Mapping patterns of B-diversity for beetles
across the Western Amazon Basin: a preliminary case
for improving inventory methods and conservation
strategies. Proceedings of the California Academy
of Sciences 56: 72-85.

Fernandez-Triana J, Smith MA, Boudreault C, Goulet
H, Hebert PDN, Smith AC & Roughley R (2011)
A poorly known high-latitude parasitoid wasp
community: unexpected diversity and dramatic
changes through time. PLoS ONE 6: ¢23719.

Fontaine B, van Achterberg K, Alonso-Zarazaga MA,
Araujo R, Asche M, Aspock H, Aspock U, Audisio
P, Aukema B, Bailly N, et al. (2012) New species in
the old world: Europe as a frontier in biodiversity



34 References

exploration, a test bed for 21st century taxonomy.
PLoS ONE 7(5): €36881.

Fraser SEM, Dytham C & Mayhew PJ (2008) The
effectiveness and optimal use of Malaise traps for
monitoring parasitoid wasps. Insect Conservation
and Diversity 1: 22-31.

Gaston KJ (2000) Global patterns in biodiversity.
Nature 405: 220-227.

Gauld I (1987) Some factors affecting the composition
of tropical ichneumonid faunas. Biological Journal
of the Linnean Society 30: 299-312.

Gauld (1988) A survey of the Ophioninae (Hymenoptera:
Ichneumonidae) of tropical Mesoamerica with
special reference to the fauna of Costa Rica. Bulletin
of the British Museum 57: 1-309.

Gauld I (1991) The Ichneumonidae of Costa Rica 1.
Memoirs of the American Entomological Institute
47: 1-539.

Gauld I (1997) The Ichneumonidae of Costa Rica 2.
Memoirs of the American Entomological Institute
57: 1-485.

Gauld ID (2000) The Ichneumonidae of Costa Rica 3.
Memoirs of the American Entomological Institute
63: 1-453.

Gauld ID & Gaston KJ (1994) The taste of enemy-
free space: parasitoids and nasty hosts. Parasitoid
Community Ecology (ed. by BA Hawkins and W
Sheehan), pp 279-299. Oxford University Press,
Oxford.

Gauld ID, Ugalde Gomez JA & Hanson P (1998) Guia
de los Pimplinae de Costa Rica (Hymenoptera:
Ichneumonidae). Revista de Biologia Tropical 46:
1-189.

Gauld ID & Wahl D (2000) The Labeninae (Hymenoptera:
Ichneumonidae): a study in phylogenetic reconstruction
and evolutionary biology. Zoological Journal of the
Linnean Society 129: 271-347.

Gauld I, Godoy C, Sithole R & Ugalde Gomez J (2002)
The Ichneumonidae of Costa Rica 4. Memoirs of
the American Entomological Institute 66: 1-768.

Gauld ID, Gaston KJ & Janzen DH (1992) Plant
allelochemicals, tritrophic interactions and the
anomalous diversity of tropical parasitoids: the
“nasty” host hypothesis. Oikos 65: 353-357.

Gauld I, Godoy C, Sithole R & Ugalde Gémez J (2002)
The Ichneumonidae of Costa Rica 4. Memoirs of
the American Entomological Institute 66: 1-768.
Godfray 1994

Gentry AH (1988) Tree species richness of upper
Amazonian forests. Proceedings of the National
Academy of Sciences USA 85: 156-159.

Gotelli NJ & Colwell RK (2011) Estimating species
richness. Frontiers in measuring biodiversity (ed.
by Magurran AE & McGill BJ), pp. 39-54. Oxford
University Press, New York.

Gupta VK (1983) Studies on the Hymenoptera.
A collection of articles on Hymenoptera
commemorating the 70th birthday of Henry

K. Townes. Contributions of the American
Entomological Institute 20: 1-30.

Hamilton AJ, Basset Y, Benke KK, Grimbacher
PS, Miller SE, Novotny V, Samuelson GA, Stork
NE, Weiblen GD & Yen JDL (2010) Quantifying
uncertainty in estimation of tropical arthropod
species richness. The American Naturalist 176:
90-95.

Hance T, van Baaren J, Vernon P & Boivin G (2007)
Impact of extreme temperatures on parasitoids in
a climate change perspective. Annual Review of
Entomology 52: 107-26.

Hawkins BA (2001) Ecology’s oldest pattern? Trends
in Ecology and Evolution 16: 470.

Hebert PDN, Cywinska A, Ball SL & deWaard JR
(2003) Biological identifications through DNA
barcodes. Proceedings of the Royal Society London
B 270: 313-321.

Heraty J (2009) Parasitoid biodiversity and insect
pest management. Insect Biodiversity: Science
and Society (ed. by R. Foottit and P. Adler), pp.
445-462. Blackwell Publishing, Hoboken, New
Jersey.

Hillebrand H (2004) On the generality of the latitudinal
diversity gradient. The American Naturalist 163:
192-211.

Hofer H & Brescovit AD (2001) Species and guild
structure of a Neotropical spider assemblage
(Araneae) from Reserva Ducke, Amazonas, Brazil.
Andrias 15: 99-119.

Hoorn C, Wesselingh FP, ter Steege H, Bermudez MA,
Mora A, Sevink J, Sanmartin I, Sanchez-Meseguer
A, Anderson CL, Figueiredo JP, et al. (2010)
Amazonia through time: Andean uplift, climate
change, landscape evolution, and biodiversity.
Science 330: 927-931.

Horstmann K, Floren A & Linsenmair KE (1999) High
species richness of Ichneumonidae (Hymenoptera)
from the canopy of a Malaysian rain forest.
Ecotropica 5: 1-12.

Horstmann K, Floren A & Linsenmair KE (2005)
Ichneumonidae (Hymenoptera) from the canopy of
tropical forests in Sabah, Malaysia: a comparison
between primary and secondary forests. Ecotropica
11: 41-52.

TUCN (2011) TUCN Red List of Threatened Species.
Version 2011.2. Available from http://www.iucnredlist.
org/documents/summarystatistics/2011 2 RL_Stats
Tablel.pdf

Janzen DH (1981) The peak in North American
ichneumonid species richness lies between 38° and
42°N. Ecology 62: 532-537.

Jones OR, Purvis A & Quicke DLJ (2012) Latitudinal
gradients in taxonomic overdescription rate affect
macroecological inferences using species list data.
Ecography 35: 333-340.

Jussila R, Séddksjarvi IE & Bordera S (2010)
Revision of the western Palaearctic Mesoleptus



References 35

(Hymenoptera: Ichneumonidae). Annales de la
Société Entomologique de France (Nouvelle série)
46: 499-518.

Kalliola R & Flores Paitan S (1998) Geoecologia y
desarrollo amazoénico. Estudio integrado en la zona de
Iquitos, Perti. Annales Universitatis Turkuensis, Turku.

Khalaim Al, Ruiz-Cancino E & Coronado-Blanco
JM (2012) A new genus and species of Metopiinae
(Hymenoptera, Ichneumonidae) from Mexico.
Zookeys 207: 1-10.

Kouki J, Niemeld P & Viitasaari M (1994) Reversed
latitudinal gradient in species richness of sawflies
(Hymenoptera, Symphyta). Annales Zoologici
Fennici 31: 83-88.

Lambshead PD & Boucher G (2003) Marine nematode
deep-sea Dbiodiversity — hyperdiverse or hype?
Journal of Biogeography 30: 475-485.

Laurance WF & Peres CA (2006) Emerging threats to
tropical forests. The University of Chicago Press,
Chicago, Illinois.

Laurance WF, Useche DC, Shoo LP, Herzog SK,
Kessler M, Escobar F, Brehm G, Axmacher JC,
Chen I-C, Arellano Gamez L, et al. (2011) Global
warming, elevational ranges and the vulnerability
of tropical biota. Biological Conservation 144:
548-557.

Lucky A, Erwin TL & Witman JD (2002) Temporal
and spatial diversity and distribution of arboreal
Carabidae (Coleoptera) in a Western Amazonian
rain forest. Biotropica 34: 376-386.

May RM (2000) The dimensions of life on earth.
Nature and human society: the quest for a
sustainable world. Proceedings of the 1997 Forum
on Biodiversity. (ed, by PH Raven and T Williams),
pp. 30-45. National Academy, Washington, DC.

May MR (2010) Tropical arthropod species, more or
less? Science 329: 41-42.

Mittelbach GG, Schemske DW, Cornell HV, Allen AP,
Brown JM, Bush MB, Harrison SP, Hurlbert AH,
Knowlton N, Lessios HA, et al. (2007) Evolution
and the latitudinal diversity gradient: speciation,
extinction and biogeography. Ecology Letters 10:
315-331.

Mora C, Tittensor DP, Adl S, Simpson AGB & Worm
B (2011) How many species are there on earth and
in the ocean? PLoS Biology 9: €1001127.

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca
GAB & Kent J (2000) Biodiversity hotspots for
conservation priorities. Nature 403: 853-858.

Nelson BW, Ferreira CAC, da Silva MF & Kawasaki
ML (1990) Endemism centres, refugia and botanical
collection density in Brazilian Amazonia. Nature
345: 714-716.

Novotny V, Miller SE, Huler J, Drew RAI, Basset
Y, Janda M, Setliff GP, Darrow K, Stewart AJA,
Auga J, et al. (2007) Low beta diversity of
herbivorous insects in tropical forests. Nature
448: 692—695.

Noyes JS (1989) The diversity of Hymenoptera in
the tropics with special reference to Parasitica in
Sulawesi. Ecological Entomology 14: 197-207.

Owen DF & Chanter DO (1970) Species diversity
and seasonal abundance in tropical Ichneumonidae.
Oikos 21: 142-144.

Owen DF & Owen J (1974) Species diversity in
temperate and tropical Ichneumonidae. Nature 249:
583-584.

Palacio E, Sadksjarvi IE & Vahtera V (2007)
Lamnatibia, a new genus of the Polysphincta group
of genera from Colombia. Zootaxa 1431: 55-63.

Palacio E, Broad GR, Siéksjarvi IE & Veijalainen
A (2010) Western Amazonian Ticapimpla
(Hymenoptera: Ichneumonidae: Pimplinae):
four new species from Colombia, Ecuador, and
Peru, with a key to species of the genus. Psyche
2010.

Porter CC (1970) A revision of the South American species
of Coccygomimus (Hymenoptera, Ichneumonidae).
Studia Entomologica 13: 1-192.

Porter CC (1978) A revision of the genus Epirhyssa
(Hymenoptera, Ichneumonidae). Studia Entomologica
20:297-318.

Porter C (1980) Zoogeografia de las Ichneumonidae
latino-americanas (Hymenoptera). Acta Zoologica
Lilloana 36: 5-52.

Porter CC (1998) Guia de los géneros de
Ichneumonidae en la regién neantartica del sur de
Sudamérica. Opera Lilloana 42: 5-216.

Puhakka L, Salo M, Sidiksjarvi IE (2011) Bird
diversity, birdwatching tourism and conservation in
Peru: a geographic analysis. PLoS ONE 6: ¢26786.

Querino R, Couceiro SRM, Queiroz LO & Penteado-
Dias AM (2011) The spatial distribution of
Hymenoptera parasitoids in a forest reserve in
Central Amazonia, Manaus, AM, Brazil. Brazilian
Journal of Biology 71: 865-871.

Quicke DLJ (2012) We know too little about parasitoid
wasp distributions to draw any conclusions about
latitudinal trends in species richness, body size and
biology. PLoS ONE 7, €32101.

Quicke DLJ, Laurenne NM, Fitton MG & Broad GR
(2009) A thousand and one wasps: a 28S rDNA and
morphological phylogeny of the Ichneumonidae
(Insecta: Hymenoptera) with an investigation into
alignment parameter space and elision. Journal of
Natural History 43: 1305-1421.

Quicke DLJ, Smith MA, Janzen DH, Hallwachs
W, Fernandez-Triana J, Laurenne NM, Xaldivar-
Riveron A, Shaw MR, Broad GR, Klopfstein S, et al.
(2012) Utility of the DNA barcoding gene fragment
for parasitic wasp phylogeny (Hymenoptera:
Ichneumonoidea): data release and new measure
of taxonomic congruence. Molecular Ecology
Resources 12: 676-685.

Rathcke BJ & Price PW (1976) Anomalous diversity
of tropical ichneumonid parasitoids: a predation



36 References

hypothesis. The American Naturalist 110: 889—
893.

Robbins RK & Opler PA (1997) Butterfly diversity and
a preliminary comparison with bird and mammal
diversity. In: Reaka-Kudla ML, Wilson DE, Eilson
EO (Eds.) Biodiversity II. Joseph Henry Press,
Washington DC, pp. 69-82.

Rougerie R, Smith MA, Fernandez-Triana J, Lopez-
Vaamonde C, Ratnasingham S & Hebert PDN
(2011) Molecular analysis of parasitoid linkages
(MAPL): gut contents of adult parasitoid wasps
reveal larval host. Molecular Ecology 20: 179-186.

Séaaksjarvi IE (2003) Diversity of parasitic wasps
(Hymenoptera: Ichneumonidae) in a lowland rain
forest mosaic in Peruvian Amazonia. PhD thesis.
Annales Universitatis Turkuensis Ser. AII 169.

Sadksjarvi IE, Palacio E, Gauld ID, Jussila R & Salo
J (2003) A new genus and six new species of the
tropical Camptotypus genus-group (Hymenoptera:
Ichneumonidae; Pimplinae) from northern South
America. Zootaxa 197: 1-18.

Saaksjarvi IE, Haataja S, Neuvonen S, Gauld ID,
Jussila R, Salo J, Marmol Burgos A (2004a)
High local species richness of parasitic wasps
(Hymenoptera: Ichneumonidae; Pimplinae and
Rhyssinae) from the lowland rainforests of
Peruvian Amazonia. Ecological Entomology 29:
735-743.

Séaksjarvi IE, Gauld ID & Salo J (2004b) Phylogenetic
evaluation of the tropical Camptotypus genus-group
(Hymenoptera: Ichneumonidae), with a key to the
world genera. Journal of Natural History 38: 2759—
2778.

Sadksjarvi IE, Ruokolainen K, Tuomisto H, Haataja
S, Fine PVA, Cardenas G, Mesones I & Vargas V
(2006) Comparing composition and diversity of
parasitoid wasps and plants in an Amazonian rain-
forest mosaic. Journal of Tropical Ecology 22:
167-176.

Saitou N & Nei M (1987) The neighbor-joining method:
anew method for reconstructing Phylogenetic Trees.
Molecular Biology and Evolution 4: 406—425.

Santos AMC & Quicke DLJ (2011) Large-
scale diversity patterns of parasitoid insects.
Entomological Science 14: 371-382.

Schulman L, Ruokolainen K, Junikka L, Sadksjarvi
IE, Salo M, Juvonen S-K, Salo J & Higgins M
(2007) Amazonian biodiversity and protected areas:
do they meet? Biodiversity and Conservation 16:
3011-3051.

Shapiro BA & Pickering J (2000) Rainfall and
parasitic wasp (Hymenoptera: Ichneumonoidae)
activity in successional forest stages at Barro
Colorado Nature Monument, Panama, and La Selva
Biological Station, Costa Rica. Agricultural and
Forest Entomology 2: 39-47.

Shaw MR & Hochberg ME (2001) The neglect of
parasitic Hymenoptera in insect conservation

strategies: The British fauna as a prime example.
Journal of Insect Conservation 5: 253-263.

Shendure J & Ji H (2008) Next-generation DNA
sequencing. Nature Biotechnology 26: 1135-1143.

Sime KR & Brower AVZ (1998) Explaining the
latitudinal gradient anomaly in ichneumonid species
richness: evidence from butterflies. Journal of
Animal Ecology 67: 387-399.

Skillen EL, Pickering J & Sharkey MS (2000)
Species richness of the Campopleginae and
Ichneumoninae (Hymenoptera: Ichneumonidae)
along a latitudinal gradient in Eastern North
American old-growth forests. Environmental
Entomology 29: 460—466.

Smith MA, Rodriquez JJ, Whitfiled JB, Deans AR,
Janzen DH, Hallwachs W & Hebert PDN (2008)
Extreme diversity of tropical parasitoid wasps
exposed by iterative integration of natural history,
DNA barcoding, morphology, and collections.
Proceedings of the National Academy of Sciences
34:12359-12364

Stork NE (2007) World of insects. Nature 448: 657—
658.

Taylor HR & Harris WE (2012) An emergent science
on the brink of irrevelence: a review of the past
8 years of DNA barcoding. Molecular Ecology
Resources 12: 377-388.

Townes H (1963) Evidence among the ephialtine
Ichneumonidae for a Bering migration route. Pacific
Basin Biogeography, a symposium, pp. 153-158.
Bishop Museum Press, Honolulu.

Townes H & Townes M (1966) A catalogue and
reclassification of the Neotropic Ichneumonidae.
Memoirs of the American Entomological Institute
8:1-367.

van Noort S (2004) Ichneumonid (Hymenoptera:
Ichneumonoidea) diversity across an elevational
gradient on Monts Doudou in Southwestern Gabon.
California Academy of Sciences Memoir 28: 187—
216.

Wahl DB & Gauld ID (1998) The cladistics and higher
classification of the Pimpliformes (Hymenoptera:
Ichneumonidae). Systematic Entomology 23: 265—
298.

Wallace AR (1878) Tropical nature and other essays.
Macmillan, New York, New York.

Wharton RA, Marsh PM & Sharkey MIJ (1997)
Manual of the New World genera of the family
Braconidae (Hymenoptera). International Society
of Hymenopterists Special Publication 1.

Wheeler QD & Meier R (2000) Species concepts and
phylogenetic theory: a debate. Columbia University
Press, New York, New York.

Whitney BM & Alvarez Alonso J (1998) A new
Herpsilochmus antwren (Aves: Thamnophilidae)
from northern Amazonian Peru and adjacent
Ecuador: the role of edaphic heterogeneity of terra
firme forest. Auk 115: 559-576.



References 37

Whitworth TL, Dawson RD, Magalon H & Baudry
E (2007) DNA barcoding cannot reliably identify
species of the blowfly genus Prtotocalliphora
(Diptera: Calliphoridae). Proceedings of the Royal
Society B 274: 1731-1739.

Wiemers M & Fiedler K (2007) Does the DNA
barcoding gap exist? — a case study in blue butterflies
(Lepidoptera: Lycaenidae). Frontiers in Zoology 4: 8.

Wiens JJ & Graham CH (2005) Niche conservatism:
integrating evolution, ecology, and conservation

biology. Annual Review of Ecology, Evolution and
Systematics 36: 519-539.

Willig MR, Kaufman DM & Stevens RD (2003)
Latitudinal gradients of biodiversity: pattern,
process, scale and synthesis. Annual Review of
Ecology, Evolution and Systematics 34: 273-309.

Yu DS, van Achterberg K & Horstmann K (2005)
World Ichneumonoidea 2004. Taxonomy, biology,
morphology and distribution. Taxapad CD,
Vancouver, Canada.



	List of original papers
	1.	Introduction
	1.1	Obscurity of species diversity and distribution
	1.2	Large-scale patterns of parasitoid species richness
	1.3	Identification of tropical parasitoid wasp diversity
	1.4	Aims of this study

	2.	Material and methods
	2.1	Study region
	2.2	Study areas and field sampling
	2.2.1	Guatemala, Honduras, and Nicaragua: Project LLAMA sites
	2.2.2	Ecuador: Onkone Gare and Tiputini Biological Station
	2.2.3	Peru: National Reserve of Allpahuayo Mishana and Los Amigos Conservation Concession

	2.3	Species delimitation, identification, and species richness estimation

	3.	Results and discussion
	3.1	Neotropical ichneumonid subfamilies
	3.2	Neotropical ichneumonid species richness and distribution
	3.3	Integrating species identification methods
	3.4	Some challenges for uncovering the true extent of tropical ichneumonid diversity
	3.4.1	The unknown nature of species, their distribution ranges, and level of specialisation
	3.4.2	Turnover of species composition in space and time

	3.5	Conclusions and future directions

	Acknowledgements
	References


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     16
            
       D:20120404144858
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     675
     317
    
     None
     Left
     2.8346
     2.8346
            
                
         Both
         1
         AllDoc
         2
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     36
     37
     36
     37
      

   1
  

 HistoryList_V1
 qi2base





