Zootaxa 4402 (1): 053—090 ISSN 1175-5326 (print edition)

http://www.mapress.com/j/zt/ Arti cle ZOOT AXA

Copyright © 2018 Magnolia Press ISSN 1175-5334 (online edition)

https://doi.org/10.11646/zootaxa.4402.1.3
http://zoobank.org/urn:1sid:zoobank.org:pub:C2FAF702-664B-4E21-B4AE-404F85210A12

Remarkable fly (Diptera) diversity in a patch of Costa Rican cloud forest:
Why inventory is a vital science
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Abstract

Study of all flies (Diptera) collected for one year from a four-hectare (150 x 266 meter) patch of cloud forest at 1,600
meters above sea level at Zurqui de Moravia, San José Province, Costa Rica (hereafter referred to as Zurqui), revealed an
astounding 4,332 species. This amounts to more than half the number of named species of flies for all of Central
America. Specimens were collected with two Malaise traps running continuously and with a wide array of
supplementary collecting methods for three days of each month. All morphospecies from all 73 families recorded were
fully curated by technicians before submission to an international team of 59 taxonomic experts for identification.

Overall, a Malaise trap on the forest edge captured 1,988 species or 51% of all collected dipteran taxa (other than of
Phoridae, subsampled only from this and one other Malaise trap). A Malaise trap in the forest sampled 906 species. Of
other sampling methods, the combination of four other Malaise traps and an intercept trap, aerial’hand collecting, 10
emergence traps, and four CDC light traps added the greatest number of species to our inventory. This complement of
sampling methods was an effective combination for retrieving substantial numbers of species of Diptera. Comparison of
select sampling methods (considering 3,487 species of non-phorid Diptera) provided further details regarding how many
species were sampled by various methods.

Comparison of species numbers from each of two permanent Malaise traps from Zurqui with those of single Malaise
traps at each of Tapanti and Las Alturas, 40 and 180 km distant from Zurqui respectively, suggested significant species
turnover. Comparison of the greater number of species collected in all traps from Zurqui did not markedly change the
degree of similarity between the three sites, although the actual number of species shared did increase.

Comparisons of the total number of named and unnamed species of Diptera from four hectares at Zurqui is
equivalent to 51% of all flies named from Central America, greater than all the named fly fauna of Colombia, equivalent
to 14% of named Neotropical species and equal to about 2.7% of all named Diptera worldwide. Clearly the number of
species of Diptera in tropical regions has been severely underestimated and the actual number may surpass the number of
species of Coleoptera.

Various published extrapolations from limited data to estimate total numbers of species of larger taxonomic
categories (e.g., Hexapoda, Arthropoda, Eukaryota, etc.) are highly questionable, and certainly will remain uncertain
until we have more exhaustive surveys of all and diverse taxa (like Diptera) from multiple tropical sites.

Morphological characterization of species in inventories provides identifications placed in the context of taxonomy,
phylogeny, form, and ecology. DNA barcoding species is a valuable tool to estimate species numbers but used alone fails
to provide a broader context for the species identified.

Key words: biodiversity, tropical, inventory, Central America, Neotropical Region, barcoding, species richness,
Cecidomyiidae, Phoridae, Tachinidae, Mycetophilidae, Drosophilidae, Sciaridae, Ceratopogonidae, Tipulidae,
Dolichopodidae, Psychodidae, Chironomidae

Introduction

In 1609 Galileo was the first human to point a telescope at the night sky and discover a huge number of stars never
before seen (Galilei 1610). Initially he wanted to describe all those in the constellation Orion but was overwhelmed
by what he estimated to be 500 new stars. He restricted himself to describing the 83 stars in the belt and sword
region. And so science has progressed step-by-step, using new tools and approaches to discover new horizons of
complexity and unsuspected diversity. Like Galileo, in our study 59 expert fly systematists focused their attention
on the diversity of flies (Diptera) at a single cloud forest site in the highlands of Costa Rica. The project presents
the first comprehensive, species-level inventory of Diptera at any mainland tropical site in the world. This paper
reports unprecedented high numbers of fly species, suggesting, as did Galileo's magnified view of the heavens for
stars, that there is a huge, unreported diversity of species of Diptera, at least in the Neotropical Region and
probably also in other tropical areas of the planet.

The most completely described insect faunas are those of the northern temperate region. In chapter 3 of the
Origin of Species, Darwin (1859) recognized, as did many other biologists at the time, that more species were in
the tropics than in northern regions. "How many more?" has been the question ever since (Berenbaum 2009). Four
orders of insects presently make up more than half of all named Animalia: the Coleoptera (beetles, 25.3%),
Lepidoptera (moths and butterflies, 10.3%), Diptera (flies, 10.2%) and Hymenoptera (wasps, 7.6%) (Zhang 2011a,
2011b). A number of attempts have been made in the past few decades to estimate total numbers of species actually
present. Erwin's (1982) seminal and provocative paper studied the number of beetle species on 19 individuals of a
Panamanian rainforest tree (Luehea seemannii Triana & Planch.) and projected 30 million species of tropical
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arthropods on Earth. Subsequently there have been a number of projections and conjectures as to the total number
of arthropod or insect species, summarized by Berenbaum (2009), Erwin (2004) and Stork et al. (2015). These
estimates have been based on data from one or more of the following approaches: host specificity, ratios of known
to unnamed species, plant-herbivore ratios, higher taxonomic ratios, taxonomists' estimates, proportions of new
species, body size in relation to the year of description, number of areas of endemism, rates of species description,
and various mathematical models to reinterpret variable parameters (Amorim & Pires 1996; Basset ef al. 1996;
Costello et al. 2012, 2013; Gaston 1991; Groombridge & Jenkins 2002; Hamilton et al. 2010; Hammond 1992,
1995; Larsen et al. 2017; May 1990, 2000; Mora et al. 2011; Nielsen & Mound 2000; Raven & Yeates 2007; Stork
2018; Stork & Gaston 1990; Stork et al. 2015). Such estimates are also the basis for predicting extinction rates
(Costello et al. 2013). These studies generally predict totals of 1.8 to 10 million insect species but they vary so
widely that Caley ef al. (2014) concluded that estimates of numbers of species via modelling are not converging—
an indication that some or possibly all previous approaches are seriously flawed. Stork ez al. (2015), however,
argued that for Coleoptera there was congruence between 1) host specificity relationships and ratios, 2) ratios with
other taxa and 3) the average body-size collected over time. They estimated the presence of 0.9-2.1 million species
of beetles worldwide and used the ratio of known Coleoptera to other groups to suggest that there are 2.6—7.8
million species of insects on our planet.

Most previous efforts to determine the number of insect species in tropical locations have been swamped by
several factors: (1) vastly overestimating the size of the area that could be adequately interpreted and resulting in
too many specimens; (2) huge numbers of uncurated (unprepared) specimens (especially of the "difficult" groups);
(3) poor organisation for sample processing and dissemination (including lack of care of fragile specimens); (4) a
lack of systematists with the expertise to identify the resultant material; (5) constrained funding; (6) or usually, by a
combination of these factors (Borkent & Brown 2015). Other more focused efforts, such as the sampling
undertaken by Erwin (2004), Erwin & Geraci (2009) and Erwin ef al. (2005), have projected global diversity levels
based on relatively limited samples such as those taken by fogging small patches of trees in the Neotropical
Region. Previously the most complete survey of a megadiverse order of insects in the tropics was that by
Hammond (1990), reporting 3,488 species of Coleoptera from a 500 ha area in Sulawesi.

For our study, we chose a novel and direct approach based on a comprehensive but limited sampling protocol.
Our method was to strongly constrain the sampling and processing of material by sampling a four-hectare plot of
cloud forest at Zurqui de Moravia, San José Province, Costa Rica (hereafter referred to only as Zurqui) for one
year. Identification of the Diptera from a single Malaise trap was considered a minimum contribution by
participating systematists. However, in response to initial invitations, all the samples from more extensive
collecting methods at this site (Borkent & Brown 2015; Fig. 2) were studied by all coauthors, other than for the
hyperabundant Phoridae. A key aspect of the project was to have the material fully curated (including sophisticated
slide mounting for several families), allowing participating specialists to promptly study the material.

Our paramount goal was to determine the number of dipteran species present at our primary site at Zurqui and
to compare this to limited sampling from two other Costa Rican locations at a similar elevation. Our commitment
to these goals pushed us towards the challenging route of actually studying all the species collected at Zurqui
(including those families of flies previously deemed as impossible) by utilizing the skills of six technicians to fully
sort and prepare material, and dividing the material among coauthors for determination to the species level. As
expected, the diversity was strikingly high in this relatively small patch of cloud forest.

Borkent & Brown (2015) provide a synopsis of why Diptera are particularly suited to biodiversity studies. In
summary, Diptera as a group are remarkably diverse at the species level, currently with 159,051 named species
(Table 2) and vastly more unnamed, especially in tropical regions. In conjunction with this great diversity, Diptera
display an extraordinary range of morphological divergence and ecological adaptations and are found in virtually
every conceivable terrestrial and aquatic (limnic, brackish, saline, even some marine) microhabitat. They occur
abundantly and display great species diversity worldwide (Marshall 2012; Pape et al. 2009; Yeates and Wiegmann
2005). As such, Diptera have a huge ecological repertoire that makes Diptera inventories excellent candidates for
estimating ecological heterogeneity at a more detailed and diversified level than other taxon-specific inventories
(Kitching et al. 2005; Smith & Mayfield 2015).

The present project was built on an earlier collaborative venture in which experts for each family of Diptera in
Central America cooperated to produce two large volumes of the Manual of Central American Diptera (MCAD—
Brown et al. 2009, 2011). Authors described, family-by-family, the genera present in Central America, producing
syntheses of the fauna of each family and well-illustrated keys to their genera and discussing the known and
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projected number of species in each genus. These manuals provided an excellent basis for pursuing the next level
of systematic sophistication—that of the species level at a given Central American location.

Finally, there is currently a community of cooperating Diptera systematists able to work as a team to interpret
each family of Diptera at our study site (Table 1). This complete coverage is unusual within the entomological
community. In spite of the lamentable failure of our society to recruit a sufficient number of systematists to broadly
interpret the biodiversity that is rapidly disappearing from our planet, the Diptera community still has a
combination of employed, retired, and independent systematists who are actively enthused about pursuing species-
level taxonomy in their respective families.

TABLE 1. Families of Diptera (n= 76) found at Zurqui, Tapanti and/or Las Alturas indicating taxonomic specialists,
numbers of specimens extracted or selected, and numbers of species sampled at each site. Families studied at all three
sites are shown in bold (Dolichopodidae only partly studied at Tapanti and Las Alturas). Extracted indicates all
specimens curated; selected indicates specimens selected as distinctive morphospecies from a given sample.

* Empidoidea (other than Dolichopodidae) were identified but considered duplicates of morphospecies of
Empididae or Hybotidae, females which could not be determined to morphospecies, or damaged specimens; they were
all Empididae or Hybotidae but were not distinguished in the database.

** Phoridae were treated differently from all other families. Because of their overwhelming numbers, distinctive
morphospecies were picked from the separated specimens (as a family) and curated without counting the numerous
duplicates left uncurated in alcohol.

*** Sciaroidea incertae sedis refers to a member of the Ohakunea group recognized in Brown et al. (2009).

**%% Syrphidae identified to species were completed by F.C. Thompson and M.A. Zumbado; additional generic
identifications by M. Hauser.

Family Coauthors all extracted or total # # species  #species  # species
morphospecies  specimensfrom  Zurqui Tapanti  Las Alturas
selected all sites

Agromyzidae Stephanie extracted 976 117 52 39
Boucher

Anisopodidae Dalton de Souza extracted 605 27 15 1
Amorim

Anthomyiidae Verner extracted 83 7
Michelsen

Anthomyzidae Kevin Barber extracted 60 2

Asilidae Eric Fisher extracted 148 20

Asteiidae John Swann extracted 1 1

Athericidae Norman extracted 40 0 1 1
Woodley

Aulacigastridae Alessandra Rung extracted 11 2 1

Bibionidae Dalton de Souza extracted 472 12 8 9
Amorim

Bombyliidae Brian V. Brown extracted 1 1 0 0

Brachystomatidae Jeffrey M. selected 31 4
Cumming,
Bradley J.
Sinclair

Calliphoridae Terry Whitworth extracted 535 14

Cecidomyiidae Mathias Jaschhof selected 3820 800

Ceratopogonidae Art Borkent selected 4278 200 130 17

...... continued on the next page
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TABLE 1. (Continued)

Family Coauthors all extracted or total # # species  #species  # species
morphospecies  specimensfrom  Zurqui Tapanti  Las Alturas
selected all sites
Chamaemyiidae Stephen D. extracted 36 1 1 0
Gaimari
Chironomidae J.H. Epler selected 2024 138
Chloropidae Terry Wheeler selected 1749 88 34 29
Clusiidae Owen Lonsdale extracted 181 14 4 10
Conopidae Jeffrey H. extracted 93 9 7
Skevington
Corethrellidae Art Borkent selected 283 7 7 0
Ctenostylidae Valery Korneyev extracted 1 1
Culicidae Thomas J. extracted 54 13 1 4
Zavortink
Diadocidiidae Peter H. Kerr selected 1 1 0 0
Diastatidae Wayne Mathis extracted 12 1 0 0
Ditomyiidae Peter H. Kerr selected 109 8 0 8
Dixidae Art Borkent extracted 65 2 0 0
Dolichopodidae Marc Pollet selected 8346 178 35 10
(coordinator),
Daniel Bickel,
Scott E. Brooks,
Renato
Capellari, Stefan
Naglis, Justin
Runyon
Drosophilidae David A. selected 5098 219
Grimaldi
Empididae Jeffrey M. selected 376 35
Cumming,
Bradley J.
Sinclair
Empidoidea * Jeffrey M. selected 1686
Cumming,
Bradley J.
Sinclair
Ephydridae Daniel N.R. extracted 2149 37 24 13
Costa, Wayne N.
Mathis
Fanniidae Jade Savage extracted 139 12
Heleomyzidae Norman extracted 14 2 0 1
Woodley
Hippoboscidae Carl W. Dick extracted 1 1 0 0
Hybotidae Jeffrey M. selected 1051 58
Cumming,
Bradley J.
Sinclair
Inbiomyiidae Brian V. Brown extracted 28 1 1 1
Keroplatidae Peter H. Kerr selected 12 9 1 2

continued on the next page
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TABLE 1. (Continued)

Family Coauthors all extracted or total # # species  #species  # species
morphospecies  specimensfrom  Zurqui Tapanti  Las Alturas
selected all sites
Lauxaniidae Stephen D. selected 1031 116 28 32
Gaimari
Lonchaeidae Allen L. extracted 36 11 1 3
Norrbom,
Cheslavo
Korytkowski
Lygistorrhinidae Peter H. Kerr extracted 3 1 0
Micropezidae Stephen A. extracted 165 12 10
Marshall
Milichiidae John Swann extracted 1109 24 7 4
Muscidae Jade Savage selected 2157 120 36 15
Mycetophilidae Peter H. Kerr selected 2202 267 24 30
Neriidae Alessandre extracted 20 1 1 2
Pereira-Colavite
Odiniidae Stephen D. extracted 1 1
Gaimari
QOestridae Thomas Pape extracted 1 1 0
Periscelididae Alessandra Rung extracted 307 15 15 4
Phoridae ** Brian V. Brown, selected 453 407
John Hash, Giar-
Ann Kung,
Maria Wong
Piophilidae Sabrina extracted 2 2 0 0
Rochefort,
Stephen D.
Gaimari
Pipunculidae Jeffrey H. extracted 183 70 14 26
Skevington
Pseudopomyzidae Tiffany Yau extracted 376 6 4
Psilidae John Swann extracted 4 0
Psychodidae Greg Curler, selected 1780 171 30 25
Gunnar Mikalsen
Kvifte, Sergio
Ibafiez-Bernal
Pyrgotidae Valery Korneyev extracted 2 1 1
Rhagionidae Norman extracted 364 13 12 4
Woodley
Rhinophoridae Thomas Pape extracted 4
Richardiidae Valery Korneyev extracted 27 6 4 1
Sarcophagidae Thomas Pape extracted 977 20
Scathophagidae Verner extracted 2 1
Michelsen
Scatopsidae Dalton de Souza extracted 603 22 4 1
Amorim
Sciaridae Heikki Hippa, selected 2007 204
Pekka Vilkamaa

continued on the next page
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TABLE 1. (Continued)

Family Coauthors all extracted or total # # species  #species  # species
morphospecies  specimensfrom  Zurqui Tapanti  Las Alturas
selected all sites
Sciaroidea incertae Peter H. Kerr extracted 1 0 1 0
sedis***
Sepsidae Vera C. Silva extracted 322 14 2 6
Simuliidae Peter H. Adler extracted 1137 10 5
Sphaeroceridae Stephen A. selected 4308 77
Marshall, Steven
Paiero, Tiffany
Yau
Stratiomyidae Norman extracted 291 36 19 19
Woodley
Streblidae Carl W. Dick extracted 68 8
Syrphidae**** Manuel A. extracted 417 93
Zumbado,
Martin Hauser
Tabanidae John Burger extracted 541 8 7 4
Tachinidae D. Monty Wood, extracted 1276 286 58 52
Manuel
Zumbado, Z.L.
Burington, John
O. Stireman III
Tanypezidae Owen Lonsdale extracted 37 2 1 1
Tephritidae Allen L. extracted 75 21 4 3
Norrbom
Therevidae Stephen D. extracted 4 0 0 3
Gaimari
Tipulidae Jon Gelhaus selected 2944 225
Ulidiidae Valery extracted 89 13 6 3
Korneyev, Elena
P. Kameneva
Xylomyidae Norman extracted 6 1 1 2
Woodley
Xylophagidae Norman extracted 4 1 0 1
Woodley
Total 59905 4332 609 413
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TABLE 2. Families of Diptera (n=73) found at Zurqui, comparing numbers of both described and undescribed species
collected at Zurqui with named species from Central America (including tropical Mexico), Colombia, the Neotropical
Region and the world. Numbers of Central American Diptera from Brown et al. (2009, 2011) with additions for a few
families from coauthors. Colombian species recorded by Wolff et al. (2016), with additions and modifications as noted
in text. Neotropical species from Pape & Thompson (2013) with some modifications by coauthors and Culicidae by R.
Harbach (pers. comm.). World species from Pape & Thompson (2013) with modifications to Aulacigastridae (Rung &
Mathis 2011), Brachystomatidae, Empididae and Hybotidae (Courtney et al. 2017), Cecidomyiidae (Gagné & Jaschhof
2014), Ceratopogonidae (Borkent 2016), Corethrellidae (Borkent 2014), Clusiidae (compiled by O. Lonsdale), Culicidae
(Harbach 2016), Drosophilidae (Béchli 2017), Milichiidae (Swann 2016), Periscelididae (compiled by A. Rung),
Pseudopomyzidae (compiled by T. Yau), Tephritidae (compiled by A.L. Norrbom), Sciaridae (Amorim & Schiihli 2017),
Simuliidae (Adler & Crosskey 2012), Sphaeroceridae (Bergeron et al. 2015; Kits 2015; Kits & Marshall 2013; Luk &
Marshall 2014; Marshall 2013, 2014; Marshall et al. 2011; Papp 2013), Tachinidae (O'Hara 2013), Tipulidae
(Oosterbroek 2017), Ulidiidae (compiled by V. Korneyev).

Family total # species ~ # named species  # named species # named species # named
Zurqui Central America Colombia Neotropics species World

Cecidomyiidae 800 250 44 567 6203
Phoridae 407 500 225 1645 4105
Tachinidae 286 210 154 2730 8500
Mycetophilidae 267 95 12 1065 4164
Tipulidae 225 629 131 3452 15457
Drosophilidae 219 300 176 884 4315
Sciaridae 204 130 16 294 2500
Ceratopogonidae 200 365 235 1132 6267
Dolichopodidae 178 400 29 1207 7236
Psychodidae 171 274 199 997 2958
Chironomidae 138 115 30 1069 7054
Muscidae 120 150 108 898 5210
Agromyzidae 117 85 74 464 2977
Lauxaniidae 116 178 36 370 1895
Syrphidae 93 473 312 1623 6016
Chloropidae 88 125 46 439 2880
Sphaeroceridae 77 140 25 474 1880
Pipunculidae 70 90 10 253 1420
Hybotidae 58 97 19 318 1971
Ephydridae 37 280 53 395 1992
Stratiomyidae 36 330 86 934 2666
Empididae 35 50 8 514 3142
Anisopodidae 27 11 2 69 159
Milichiidae 24 56 6 124 364
Scatopsidae 22 70 2 67 390
Tephritidae 21 274 93 950 4911
Asilidae 20 393 72 1503 7479
Sarcophagidae 20 300 102 876 3094
Periscelididae 15 9 3 55 127

...... continued on the next page
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TABLE 2. (Continued)

Family total # species  # named species  # named species # named species # named
Zurqui Central America Colombia Neotropics species World

Sepsidae 14 25 10 44 384
Calliphoridae 14 43 52 132 1522
Clusiidae 14 159 23 313 360
Culicidae 13 400 354 982 3550
Rhagionidae 13 70 3 103 711
Ulidiidae 13 143 28 29 875
Bibionidae 12 44 17 190 760
Fanniidae 12 12 32 85 359
Micropezidae 12 50 57 288 579
Lonchaeidae 11 29 44 95 504
Simuliidae 10 94 67 382 2132
Conopidae 9 57 16 209 783
Keroplatidae 9 35 5 196 945
Ditomyiidae 8 10 0 31 94
Streblidae 8 99 73 153 239
Tabanidae 8 186 255 1176 4406
Anthomyiidae 7 30 6 105 1927
Corethrellidae 7 41 9 77 104
Pseudopomyzidae 6 4 0 9 24
Richardiidae 6 15 19 167 175
Brachystomatidae 4 0 0 61 153
Rhinophoridae 3 12 1 20 174
Anthomyzidae 2 5 1 9 135
Aulacigastridae 2 2 1 37 55
Dixidae 2 13 1 29 186
Heleomyzidae 2 2 2 90 728
Piophilidae 2 4 2 11 82
Tanypezidae 2 8 9 19 21
Asteiidae 1 12 0 32 136
Bombyliidae 1 134 22 717 4946
Chamaemyiidae 1 9 0 54 350
Ctenostylidae 1 3 0 5 10
Diadocidiidae 1 3 0 34
Diastatidae 1 1 0 4 48
Hippoboscidae 1 27 18 32 213
Inbiomyiidae 1 5 0 11 11
Lygistorrhinidae 1 3 0 7 33
Neriidae 1 20 17 40 112
Odiniidae 1 11 0 25 64

...... continued on the next page
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TABLE 2. (Continued)

Family total # species  # named species  # named species # named species # named
Zurqui Central America Colombia Neotropics species World
Oestridae 1 21 3 38 190
Pyrgotidae 1 11 1 55 350
Scathophagidae 1 3 1 5 414
Xylomyidae 1 10 1 9 134
Xylophagidae 1 2 1 12 136
Other families 0 191 64 1036 12571
Total 4332 8437 3523 32499 159051

Materials and Methods

The family classification follows that of Brown et al. (2009, 2011), other than the Empididae sens. lat. which are
here treated as three families, namely Empididae, Brachystomatidae and Hybotidae, following Sinclair &
Cumming (2006). Borkent & Brown (2015) provided a detailed description of the primary methods used for the
ZADBI project (Zurqui All Diptera Biodiversity Inventory), summarized as follows.

The primary study site was limited to a 150 x 266 m patch of cloud forest at Zurqui, Costa Rica (10.047°N,
84.008°W), at about 1,600 meters elevation (Fig. 1A). It was sampled continuously with two Malaise traps for
slightly more than one year (Sept. 12, 2012—Oct. 18, 2013) with Malaise trap #1 placed near a forest-edge and
Malaise trap #2 inside of the forest, near a small permanent creek. In addition, we undertook concomitant sampling
with a variety of trapping methods for three full days every month (these traps were picked up on the fourth day)
including light traps (CDC, bucket traps, UV light over pan of soapy water), emergence traps over a wide array of
terrestrial and aquatic substrates, baiting with various attractants (fruit, carrion, human and pig dung), yellow pan
traps, a flight-intercept trap, two other Malaise traps with ethanol as preservative, a dry Malaise trap using
potassium cyanide as the killing agent (to capture larger specimens dry) and a canopy Malaise trap. An intensive
"Diptera Blitz", with 18 coauthors collecting on-site August 5-9, 2013, provided diverse additional samples used in
the inventory. Although demarking an area of about 4 hectares (0.04 square kilometers), in practice nearly all the
supplemental collecting with other trapping methods was restricted to habitat adjacent to the trails, along the
permanent stream or in the open meadow and area near the cabins (Fig. 1A).

Two other Costa Rican sites, at Tapanti National Park, Cartago Province (9.720°N, 83.774°W, 1,600 m) and
Las Alturas, Puntarenas Province (8.951°N, 82.834°W, 1,540 m), 40 and 180 km southeast from Zurqui (Fig. 1B),
respectively, were each sampled for a similar length of time with a single Malaise trap placed on the forest edge to
allow for limited beta-diversity assessments for a number of families (those which were fully extracted or
subsampled at all three sites) (Table 1). Tapanti National Park was sampled from Oct. 28, 2012—Oct. 13, 2013 and
Las Alturas from Oct. 13, 2012—Oct. 13, 2013. Malaise traps #1 and #2 at Zurqui and those at the other two sites
were emptied weekly.

Nearly all specimens in most families were fully curated (e.g., pinned or slide mounted) with exceptions for a
few coauthors who requested their material in ethanol. Those in superabundant families (often with many
thousands of specimens), were subsampled by the technicians (Table 1), with any specimen perceived to be
morphologically different within a sample selected and prepared (Table 1). The Cecidomyiidae, however, were
studied and subsampled by M. Jaschhof and the Phoridae by B.V. Brown, J. Hash, G. Kung, and M. Wong. In
addition, a few coauthors studied residue material retained in ethanol, considered by the technicians to be
redundant morphospecies.

An international group of 59 expert systematists (the coauthors) morphologically identified specimens of all 76
dipteran families present at one or more of the three sites (Table 1) to species or morphospecies. Six local
technicians sampled and prepared material to the highest curatorial standards, ensuring that the energy and time of
each coauthor were focused on species identification. During the course of this study, the project was supported by
two sequential project managers who helped direct material to coauthors.
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FIGURE 1. (A) Map of study site at Zurqui de Moravia, Costa Rica, with general features and primary collecting localities
indicated (modified from Borkent & Brown 2015). Supplemental collecting indicating those areas where other collecting
generally took place for three days of each month. (B) Map of Costa Rica showing location of the three collecting sites. San

José indicated for reference.
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Malaise trap #1 (full year)

Malaise trap #2 (full year)

other collecting methods (3 days/ month)
(not including 4 other malaise traps,
intercept trap, Mercury vapour light)

emergence traps (n= 10, over aquatic and
terrestrial substrates, including various
vegetation types) and limited rearing
from galls

light traps

bait traps
(fruit,
carrion,
Bucket cDC traps g—; dung)
(n=2) (n=4)
UV over pan (n=2) aerial and hand collecting, including Diptera blitz

FIGURE 2. Venn diagrams indicating number of species at Zurqui shared by each of Malaise traps #1 and #2 and all other
methods combined, with the latter further separated into main elements (excluding Phoridae, other Malaise traps, flight-
intercept trap, Mercury vapour light; total of 3,487 species considered here). Total number for a given method underlined.

Those not underlined are either unique or overlapping within that group of collecting methods.
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A substantial proportion of species in various families and/or genera could not be named due to a lack of
comprehensive revisions for these taxa. For many taxa, it was uncertain whether they represented undescribed
species or were species that are already named but are inadequately diagnosed. These taxa were simply recognized
as morphospecies and provided with a numerically based code (ZUR-1, ZUR-2, etc.). Specimens are currently
housed either at the Los Angeles County Museum or retained by coauthors for further study (temporarily or, in the
case of duplicates permanently). Many of these (and all holotypes) are to be returned to the Museo Nacional de
Costa Rica which recently assumed responsibility for the collection previously housed at the Instituto Nacional de
Biodiversidad in Costa Rica.

The total named and unnamed fauna at Zurqui was compared to the named fauna of Central America,
Colombia and larger areas. The fauna of Costa Rica was not compared because the number of named species is not
recorded for most families of Diptera.

The entire data set is stored as a MYSQL database at www.phorid.net, with a copy to be deposited in the online
depository DRYAD (http://datadryad.org).

Results

Our sampling from all three sites, with 717 sampling events, resulted in the curation of a total of 62,410 specimens,
with 2,505 of these damaged, lost or directed to the wrong coauthor, leaving 59,905 specimens to be studied (Table
1). Of these, 74 of the 76 families were completely identified (some only from Zurqui; Table 1), leaving only the
abundant, diverse and challenging Drosophilidae and Tipulidae with 29% and 62% identified, respectively.
Phoridae, with only 453 curated specimens (Table 1), requires comment. Unlike other abundant families that were
selected from ethanol by our technicians on a sample-by-sample basis, Phoridae were selected with a goal of
cumulatively picking out additional species as samples were examined, leaving the remaining material in ethanol
(and not curated). It was estimated, based on counts from two representative samples that more than 50,000 phorids
were examined.

A total of 52,947 specimens was available for study from Zurqui, with its multiple collecting methods, and
4,434 and 2,524 specimens of select families from Tapanti and Las Alturas, respectively. Out of 107 families of
Diptera known from Costa Rica (Brown et al. 2009, 2011; including four families of Empidoidea recognized here),
76 families were collected at least at one of the three sites (Table 1), with 73 families recorded at Zurqui. The three
additional families not present at Zurqui were Athericidae (1 species, 36 specimens at Tapanti and 4 specimens at
Las Alturas), Psilidae (1 species, 4 specimens at Las Alturas) and Therevidae (3 species, 4 specimens at Las
Alturas). A single specimen of a Sciaroidea incertae sedis was present at Tapanti.

Diversity at Zurqui. A remarkable total of 4,332 species in 73 families was recorded at Zurqui, revealing a
previously undocumented level of diversity within the Diptera. Species accumulation curves based on Chao 1 and
rarefaction of 49 fully extracted families (Table 1) from Malaise traps #1 and #2 indicate 1.8 times more species are
actually present at Zurqui, giving a total for Zurqui of more than 8,000 species (Brown et al., unpublished data).

Further evidence that our total numbers are underestimates comes from a few taxa in which the technicians’
subsampling protocol was checked by specialists. In each case, further species were found in the "residues" from
which subsamples had been previously extracted. For example, specimens of Lauxaniidae had been extracted and
curated by our technicians and the remaining supposed supplemental specimens relegated to vials, as for other
abundant families. These ethanol specimens were subsequently re-examined by one of us (S.D. Gaimari) and a
further 24 species recognized (and then included in the database). Many of these had subtle differences from the
previously pinned material, indicating that for this family, at least, the selection process was only 79% successful.
This particular case suggests that our protocol overlooked at least some species but of an unknown percentage of
the total Diptera, that probably would have been significantly reduced if taxonomic experts were selecting
specimens from the samples. However, even with expert surveillance, one of us (M. Jaschhof), responsible for
curating Cecidomyiidae to be slide mounted, estimated that at least 10% of the species were missed, most of which
would have required slide mounting to determine further subtle differences between species (i.e., otherwise
appearing similar when in alcohol). It was apparent that hyperabundant families like Cecidomyiidae and Phoridae
need extraordinary curatorial efforts in inventories like ours (see Discussion).
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We consider virtually all our species as native and endemic to at least the New World with few exceptions.
Some were secondarily widespread species associated with humans or domestic animals (cattle were in the
meadow at our site). The two species of Piophilidae recorded, Piophila casei (Linnaeus) and Stearibia nigriceps
Meigen, are virtually cosmopolitan and associated with dried protein of various sorts (Rochefort et al. 2015). Other
introduced species include the cosmopolitan psychodid Psychoda alternata Say, associated with anthropized
environments and human dwellings, the phorid Megaselia scalaris (Loew) and two muscids, Stomoxys calcitrans
(Linnaeus), an Old World biting pest of cattle and humans (larvae breed in manure and rotting vegetation) and
Musca domestica Linnaeus (another originally Old World but now cosmopolitan fly). In addition, some species
may be naturally more broadly distributed, such as seven species of fungus-feeding Cecidomyiidae and two species
in the leaf-mining family Agromyzidae: Cerodontha dorsalis (Loew) and Nemorimyza posticata (Meigen) which
are known otherwise in the New World and Palaearctic Region.

By far the most diverse family at Zurqui was the Cecidomyiidae with 800 species (Table 2). This abundant and
cosmopolitan family, commonly known as gall midges, actually includes many taxa that are not gall inducers (or
other plant feeders) but are either free-living fungal feeders (including all basal lineages and % of all described
species), inquilines, predators or even parasitoids. Gall formers are restricted to groups within the subfamily
Cecidomyiinae and historically taxonomists of this group have collected galls or otherwise affected plants and
described the reared adults, associated larvae and pupae and gall morphology. As such, many described taxa are
most easily identified on the basis of their host plant and are largely restricted to those galls detectable by human
sight (e.g., Dalbem & Mendonca 2006; Gagné 1989, 1994). Collecting visible cecidomyiid galls over several years
has revealed only 43 different galls on plants at Zurqui (P. Hanson, pers. comm.), emphasizing the importance of
collecting adult cecidomyiids using more general techniques to discover their true diversity. This striking diversity
is discussed further below.

Other families were also outstandingly diverse. The second greatest number of species was in the family
Phoridae, with 407 species recognized. This family has long been known to be extremely diverse, with species that
are parasitoids, parasites, predators, fungivores, scavengers (some highly specialized), herbivores, and a few well-
known generalists (Brown 2005). They are found worldwide, although they are most diverse in humid (not
necessarily tropical) localities.

Tachinidae were the third most diverse family with 286 species. All members of this family are obligate
endoparasitoids of insects, especially plant-feeding larvae of Lepidoptera, Coleoptera, and Hymenoptera. There are
more than 8,500 species described worldwide, and they are abundant in nearly all terrestrial habitats. More than
60% of recorded Zurqui species were collected only once or twice and many of these likely represent host-
specialized cryptic species complexes (Smith ef al. 2007), indicating that the current count from Zurqui is likely a
substantial underestimate of the total fauna. The most species rich genera from Zurqui, including Phytomyptera
Rondani (18 spp.), Siphona Meigen (15 spp.), and Chaetostigmoptera Townsend (16 spp.), are typically less than 5
mm in body length.

The fourth most diverse was the Mycetophilidae with 267 species. As their common name “fungus gnats”
suggests, species are dependent on fungi for their development, either within mushroom fruiting bodies or in
decomposing wood and humus where they feed on fungal mycelia. In most habitats where they occur, they are an
especially abundant, diverse, and easily captured component of the insect fauna. At Zurqui, a little over half of the
mycetophilid diversity (136 species) was found within a single cosmopolitan genus, Mycetophila Meigen. This is
quite different from north temperate areas, where Mycetophila typically makes up a much smaller proportion of the
known family diversity.

Tipulidae were the fifth most diverse family of flies at Zurqui, with 225 species in 33 genera. This is nearly
twice the recorded species for Costa Rica (presently 123 species), indicating how poorly known the species are for
this country. Tipulids, also commonly known as crane flies, develop in a wide variety of habitats, from streams and
rivers, seeps, phytotelmata to wet to drier earth, leaf litter, rotting wood, fungi and even leaves of terrestrial plants,
all found at the Zurqui site. The genus Dicranomyia Stephens with 29 species and allies (Geranomyia Haliday, 23
spp., Neolimonia Alexander, 2 spp. and Rhipidia Meigen, 17 spp.) in the Limoniini comprise 31% of the species at
Zurqui. Other species rich genera include Teucholabis Osten Sacken (18 spp.) and Molophilus Curtis (15 spp.),
Gonomyia Meigen (12 spp.), Erioptera Meigen (11 spp.) and Atarba Osten Sacken (12 spp.). The genus Tipula
Linnaeus, including some of the larger species of crane flies, includes 10 species.

The sixth most diverse was the Drosophilidae, represented by 219 species. The specimens were incompletely
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identified and certainly additional species are present in the curated material. The genera of greatest diversity were
Drosophila Fallén (59 species), Zygothrica Wiedemann (46 species), Diathoneura Duda (37 species), and
Cladochaeta Coquillett (23 species), the last two being entirely New World (and almost entirely Neotropical)
genera. Species of Zygothrica (e.g., Grimaldi 1987) aggregate at forest fungi, although some species breed in
flowers, some species of Diathoneura are known to breed in flowers, and Cladochaeta are larval parasites of
cercopid (spittlebug) nymphs (Grimaldi & Nguyen 1999). Drosophila breeding sites include living and fallen
flowers, fruits, and fungi. The 219 species are equal to 73% of the described number of 300 drosophilid species for
the entire country of Costa Rica (Béchli 2017).

Sciaridae were the seventh most species-rich family at Zurqui with 204 species and, like the Mycetophilidae,
are associated with fungi and decaying organic matter. The 71 species of Bradysia Winnertz represented 35% of the
Zurqui sciarid fauna.

Ceratopogonidae, with 200 species at Zurqui, were the eighth most species-rich family. Commonly known as
biting midges or no-see-ums, this family includes 6,267 named species worldwide and about 365 in Central
America (Table 2) (Borkent 2016). Four genera, Atrichopogon Kieffer, Forcipomyia Meigen, Dasyhelea Kieffer
and Culicoides Latreille represent 59% of the world fauna and these represented 79% of the species at Zurqui.
Immatures of these four genera are generally present in small water bodies, phytotelmata, mud, and wet vegetation
(including mosses) and some are terrestrial (but then in moist habitats, such as under rotting bark). The remaining
genera are fully aquatic. These habitats are abundant at Zurqui.

Other significantly diverse families with between 100 and 200 species (Table 2) were, in descending order,
Dolichopodidae (n= 178), Psychodidae (n= 171), Chironomidae (n= 138), Muscidae (n= 120), Agromyzidae (n=
117), and Lauxaniidae (n= 116).

Comparisons of trapping methods at Zurqui. Different trapping methods (Borkent & Brown 2015) resulted in
considerable differences in species sampled at Zurqui. Although no tests of statistical significance seem useful with
these limited and biased techniques, several features were evident and likely valuable for future studies.

Here we present two views of our collecting efforts. First, to examine the relative contribution of different
collecting methods for the inventory we compared the two continuously running Malaise traps with the other main
collecting methods (Fig. 2). Because of their varied use during the three days per month of collecting, we excluded
other supplemental Malaise traps, the flight-intercept trap and the mercury vapour light (with specimens collected
by hand). Phoridae were also excluded because they were primarily extracted from Malaise trap #1 and would have
biased comparisons between collecting methods. This left 3,487 (of the total 4,332) species to interpret. The 1,956
species from "other collecting methods" were further divided into various collecting techniques such as emergence
traps (and limited rearing of galls from two plant species), various light traps (bucket, CDC, UV over pan) and
"others", including yellow pan traps, bait traps (using various fruits, banana yeast, carrion (fish, chicken, liver) and
dung (pig, human)) and those collected with aerial nets and hand collecting (including those collected by Diptera
Blitz participants).

The forest-edge Malaise trap #1 (Fig. 1A) sampled a total of 1,988 species, representing 57% of the species
considered here. Malaise trap #1 collected more than twice the total number of species as Malaise trap #2 in the
forest at the stream (n= 906). "Other collecting methods" sampled 1,956 species, nearly equal in number to that of
Malaise trap #1. Malaise trap #1 collected 1,119 unique species compared to only 291 unique species in Malaise
trap #2, strongly supporting the known "edge effect" for Diptera of placing a Malaise trap on a forest margin to
sample superior numbers of specimens and taxa (Ewers & Didham 2006; Matthews & Matthews 1970; Odum
1971; Ries et al. 2004). "Other collecting methods" sampled 1,026 unique species not collected by either Malaise
trap, indicating their substantial importance in sampling Diptera for this inventory.

Of the 1,956 species collected by "other collecting methods", emergence traps over a variety of substrates
sampled 769 species of which 360 were unique. A variety of light traps sampled 943 species, with 553 being
unique and other methods, predominated by aerial and hand collecting, sampled 908 species, with 530 of these
being unique.

Of the 943 species sampled with light traps, the single mercury vapour light was not included in the Venn
diagram because specimens were selected by hand and sampling was likely highly biased (but still sampling 303
species). Of the remaining light traps, four CDC light traps collected 611 species of which 451 were unique, two
bucket light traps collected 312 species of which 152 were unique and two UV lights over soapy water collected
297 species of which 140 were unique species.
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The remaining collecting methods yielded a total of 908 species, including yellow pan traps, with 28 collecting
events (1 event being equal to 3 days of sampling) and bait traps with 32 collecting events. These sampled only 95
and 25 unique species respectively (within this grouping of methods). Included in the aerial and hand collecting,
which sampled 788 species of which 654 were unique, were 305 species from the Diptera Blitz of which 100 were
unique to the project (including eight species of Streblidae, found only on bats), reflecting the specialized skills of
systematists collecting their own groups in the field.

A second perspective on trapping methods simply considered all species collected by a given method (except
Phoridae; total n= 3,943) and compares each with the total sampled, regardless of biases in collecting methods
(Table 3). The largest numbers of species were collected by Malaise trap #1, the combination of four Malaise traps
and intercept trap, Malaise trap #2, aerial/hand collecting, emergence traps and CDC light traps. These also
produced the largest numbers of unique species, indicating their importance for the collecting protocol used here.
The unique species from each collecting method totalled 2,342 or 59% of all species collected.

Although a wide variety of trapping methods was used, it is likely that a number of species were not collected
because they are strongly associated with specific microhabitats and/or are otherwise specialized. To sample such
species requires either other types of collecting methods (McLean 2010) or specifically directed hand or aerial
collecting.

It is important to remember that Malaise traps #1 and #2 were run continuously throughout the year, while
other sampling methods, including supplemental Malaise traps, were used for only three days of every month.
Comparisons between collecting methods always have a level of uncertainty because they attract and capture
specimens in different ways (often for different periods of time) and so much depends on the behaviour of
individual species, exact location and position of traps, as well as the microhabitats available. There will always be
strong differences between collecting methods. Overall, our approach validates the use of a variety of methods to
broadly inventory Diptera but with the recognition that Malaise traps, light traps and aerial’hand collecting sampled
the bulk of the species present.

TABLE 3. Numbers of species at Zurqui sampled by each collecting method, numbers of species unique to that
collecting method, and percentages of the total number of species that each represents (Phoridae not included, leaving a
total of 3,943 species considered). MT refers to Malaise trap.

Collecting method total % of total unique % of total
MT #1 1988 50.4 872 22.1
MT #2 906 23.0 252 6.4
MT - all others + intercept 1282 32.5 305 7.7
MT - canopy 280 7.1 60 1.5
emergence traps + galls 769 19.5 185 4.7
Bucket light traps 312 7.9 37 0.9
CDC light traps 611 15.5 259 6.6
UV over pans of water 297 7.5 38 1.0
Mercury vapour light 302 7.7 50 1.3
yellow pan traps 214 5.4 21 0.5
bait traps 51 1.3 11 0.3
aerial/ hand collecting 779 19.8 243 6.2
from bats, bird 9 0.2 9 0.2

Comparative Diversity at Zurqui, Tapanti and Las Alturas. The diversity of 55 families of Diptera (those
in bold in Table 1; plus Sciaroidea incertae sedis) from Zurqui, Tapanti and Las Alturas (Fig. 1B) was compared,
suggesting several patterns. Each of Malaise trap #1 (Fig. 3A) and # 2 (Fig. 3B) and then all collecting methods
(Fig. 3C) at Zurqui were compared with each of the Malaise traps at Tapanti and Las Alturas with Venn diagrams
and Jaccard Index (JI) values (comparing total shared species/total species in two areas, here expressed as a
percentage). In each of the three comparisons, the dipteran fauna at Zurqui was more similar to that at Tapanti than
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to that of Las Alturas and the fauna at Tapanti more similar to that at Zurqui than to that of Las Alturas. These
similarities generally correspond to or correlate negatively with the relative location and distances between the
sites and suggest significant faunal turnover among the three sites. However, the correlation was not statistically
significant in the dataset involving the Zurqui Malaise trap #1 (Fig. 3A; Pearson correlation coefficient -0.89, t-
value -1.93, one-tailed p-value 0.07).

Zurqui - Malaise Zurqui - Malaise JI =16.0%

trap #1 trap #2 Tapanti

JI=18.1%

Tapanti

JI =8.4%

= 0
Jl=10.4% JI=10.4%

JI1=12.0%

A

Las Alturas Las Alturas

J=17.7%

Tapanti
609
206

JI=10.4%
' c

JI =9.8% Las Alturas

Zurqui - all
collecting
methods of
select families

FIGURE 3. Venn diagrams indicating number of species shared by samples from Zurqui with species in a single Malaise trap
at each of Tapanti and Las Alturas. Jaccard Index of similarity (JI) values are shown as percentages for each paired comparison.
(A) Malaise trap # 1 at Zurqui. (B) Malaise trap # 2 at Zurqui. (C) All methods at Zurqui. Total number for a given site is
underlined. Families studied at all three sites are shown in bold in Table 1.

The JI values between the Zurqui Malaise trap #1 and the other two sites (Fig. 3A) were similar to those
between all collecting methods at Zurqui and the other two sites (Fig. 3C), even though supplemental sampling at
Zurqui increased the number of species by 67% (i.e., from 1,197 to 2,003). The increased number of species
sampled at Zurqui (Figs 3A, C) changed the similarity of this site to Tapanti from 18.1% to 17.7% and to Las
Alturas from 12.0% to 9.8%. This indicates that expanding the collecting protocol at Zurqui did not markedly
change the level of its similarity to the other two sites.

70 - Zootaxa 4402 (1) © 2018 Magnolia Press BORKENT ET AL.



Even though JI values showed little change with the increase in number of species from Malaise #1 (Fig. 3A)
to all collecting methods (Fig. 3C) from Zurqui, the numbers of species themselves show an increase in those
shared with Tapanti (from 277 to 392) and with Las Alturas (from 172 to 217), indicating that the broader sampling
at Zurqui increased the number of shared species by 41% and 26% respectively.

Comparison among the three sites for both Malaise traps #1 and #2 (Figs 3A, B) shows at least 51% of the
species were unique at each site, also indicating marked species turnover among the three localities (e.g., 69% of
the species from Malaise trap #1 were unique). Broadening the sampling protocol at Zurqui (Fig. 3C) produced a
similar rate of 74% of species that were unique to this site but decreased the percentage of unique species at Tapanti
and Las Alturas to 34% and 45% respectively. This suggests that increased sampling would decrease the apparent
degree of species turnover.

These results may be biased by the difference in numbers of species (and specimens) sampled at each of the
localities. For example, the decrease in levels of JI similarity when comparing Zurqui Malaise trap #1 (Fig. 3A)
and Malaise trap #2 (Fig. 3B) to the other two sites may be influenced by the fewer species sampled by Malaise
trap #2 (n= 478) compared to Malaise trap #1 (n= 1,197). So too, the Malaise trap at Las Alturas collected fewer
species and specimens than those at the other sites.

Comparisons between the number of species at Zurqui and those named elsewhere. The 4,332 species of
Diptera recovered at Zurqui after only one year of sampling is startling. However, we expect that should further
comprehensive studies be undertaken, many tropical sites within at least much of the Neotropical Region will
harbour equal if not higher numbers of species. The following analysis provides strong evidence that this will be
the case.

Studies of two families that are relatively well known, the Culicidae and the Tabanidae, indicate high levels of
diversity in the Neotropical Region. For example, there were 13 species of Culicidae found at Zurqui (with a
limited sample size of 43 specimens), with two of these undescribed. The total fauna for Costa Rica is 243 species
(including some undescribed species; compiled by T. Zavortink) and the entire Neotropical Region has at least 982
species (R. Harbach, pers. comm.). Tabanidae were represented by eight species at Zurqui (based on 52
specimens), while 146 are known from Costa Rica and 1,176 are present in the Neotropical Region (Table 2). If
other families display similar patterns, where the Zurqui species are a small fraction of the total known from Costa
Rica and the Neotropical Region, this suggests that the 4,332 species of Diptera at Zurqui are the proverbial tip of
the iceberg and that a huge number of species remain to be discovered elsewhere.

To test this idea further, we compared the number of species (including unnamed morphospecies) at Zurqui
with those named from Central America, Colombia, the Neotropical Region and the worldwide fauna (Table 2,
Figs 4-7). We did not show Cecidomyiidae, with 800 species, in Figs 4—7 because they are so poorly known
elsewhere that comparisons were extreme and therefore markedly affecting the scale of the graphs; the number of
species of cecidomyiids at Zurqui are equal to 320% of those named from Central America, 141% of those from
the Neotropical Region and 13% of those named worldwide.

It is an astonishing observation that the 4,332 Zurqui species collected in 0.04 square kilometers of cloud forest
is equivalent to 51% of the 8,437 fly species named from Central America (Table 2), a diverse and complex region
about 1,040,780 km” in size (our survey area was therefore 0.000004% of Central America). All 12 families with
100 or more species recorded at Zurqui, other than Dolichopodidae and Tipulidae, equalled more than half the
named fauna of each of these families in Central America (Fig. 4). Six of the 12 had more species than are named
for all of Central America. Twenty-two of the 45 families with eight or more species at Zurqui had at least 50% of
the number of named species from Central America. Clearly, our limited but intense inventory at Zurqui indicates
that the Diptera of Central America remain grossly understudied.

So too, a comparison with the described fauna of Colombia (Fig. 5) is striking. This country includes much of
the northern end of the Andes and is known for its high diversity in many better known groups of organisms; it has
1,871 bird species (17% of world fauna), 456 species of mammals (8% of world fauna) and more than 750
amphibian species (12% of world fauna). There is little doubt that the insect fauna, although generally poorly
studied, is also extremely diverse. The number of dipteran species at Zurqui surpasses that known for all of
Colombia! Wolff et al. (2016) recorded 3,135 species for Colombia, not including eight families of Diptera (and
missing Anthomyzidae). The number of named Colombian species of these nine families has been added to Table
2, as well as some minor changes to a few families (notably Ulidiidae - Kameneva et al. 2017 and Anthomyzidae -
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Rohéacek & Barber 2009), giving a total of 3,523 recorded species. Certain families were particularly diverse at
Zurqui when compared to the named species of Colombia. Of those 45 families at Zurqui with eight or more
species present, 25 had more species inventoried than known for all of Colombia and 16 of these had more than
three times that recorded from Colombia. The Cecidomyiidae and Mycetophilidae were especially striking, with
800 and 267 species known from Zurqui, respectively, and only 44 and 12 species known from Colombia,
respectively. Clearly, the Colombian species of these and most other families are extremely poorly known.
Similarly, Delgado Puchi (2003) listed only 59 families and 1,519 species of Diptera from Venezuela, so that the
number of Diptera at Zurqui (named and unnamed) is 2.9 times the known species of Venezuela. Although he
estimated an additional 336 undescribed species for that country, our inventory strongly suggests that the number
of unnamed Diptera of Venezuela is certainly much higher.
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FIGURE 4. Relationship between number of all species occurring at Zurqui (named and unnamed) and all named species from
Central America (not including Cecidomyiidae, with 800 species). Numbers of species from Brown et al. (2009, 2011), with
additions for a few families from coauthors.

On a broader scale, the total number of species at Zurqui is equivalent to 14% of all those recorded for the
entire Neotropical Region (Table 2) and 19% of the 22,229 known from the Nearctic Region (Pape & Thompson
2013). Of 25 families with 22 or more species from Zurqui, 20 had at least 10% of the named Neotropical species
(Fig. 6). These comparisons indicate with certainty that the named species of the Neotropical Region are also
severely underestimated.

Comparison of the Diptera of Zurqui and the total world fauna is similarly striking (Table 2, Fig. 7), with
Zurqui Diptera equivalent to 2.7% of the named world species. Eleven families with 20 or more species at Zurqui
were equivalent to 5—17% of named world species and 45 of the 73 families at Zurqui had >2% of the named world
fauna.
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FIGURE 5. Relationship between number of all species occurring at Zurqui (named and unnamed) and all named species from
Colombia (not including Cecidomyiidae, with 800 species). Numbers of species from Wolff et al. (2016) with additions and
minor modifications noted in text.

The high number of species of Cecidomyiidae discovered at Zurqui requires special mention. Unfortunately,
this family has not been systematically inventoried anywhere else in the world and represents the proportionally
most poorly described family of Diptera. Although the subfamily Cecidomyiinae, including those taxa that form
galls, is so poorly known, Brown (2009) provided a projection for this subfamily in Costa Rica of 18,000 species
based on R. Gagné's suggestion that there are two species for every species of vascular plant (but see Bourg &
Hanson (2014) for varying levels of host specificity). This estimation disregarded the predators among the
Cecidomyiinae, which our project showed to contribute more than one-fourth to the species total in this subfamily.
Also, Brown’s (2009) estimate (based on the suggestion by M. Jaschhof) of 600 fungivorous Cecidomyiidae in
Central America was certainly much too conservative, considering the fact that 314 fungivorous species were
discovered at Zurqui (39% of all Cecidomyiidae found).

Other than the recent DNA barcoding study by Hebert et al. (2016), there have been no inventories using trap-
collected material to estimate all-cecidomyiid diversity. However, it has long been recognized that Cecidomyiidae
are the most abundant family of Diptera in Neotropical Malaise catches (Brown 2005) and that many undescribed
species are present in samples from Malaise, light and other traps (A. Borkent, pers. obs., Cannings 1994). Malaise
material has been used to sample the less species-rich fungivorous subgroups (e.g., Jaschhof & Jaschhof 2009,
2013). Therefore, the number of species in even such otherwise well-collected areas as Britain, with 653 described
species (Chandler 2017), will rise substantially once study of the group is undertaken using standard collecting
methods. Relying solely on sequence data, Hebert ef al. (2016) recently reported the presence of 8,467 species of
cecidomyiids (as BINs: Barcode Index Numbers) in their survey of Canadian localities (fewer than 200 named
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species are reported otherwise) and projected from this an estimate of 16,000 for Canada and 1.8 or 2 million
species worldwide, surpassing the total named diversity of the Insecta. Our results also suggest that a tremendous
number of cecidomyiid species are indeed likely present on Earth. This is discussed further below.
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FIGURE 6. Relationship between number of all species occurring at Zurqui (named and unnamed) and all named species from
the Neotropical Region (not including Cecidomyiidae, with 800 species). Numbers of species from Pape and Thompson (2013)
with some modifications by coauthors.

Similarly, Hebert et al. (2016) identified the Sciaridae, with 2,277 putative Canadian species (as BINs), as the
second most diverse family of Diptera in that country (30 named species reported). Our results also indicate the
presence of much higher diversity of sciarids than otherwise reported in the Neotropical Region (Table 2, Fig. 6).
Other taxa such as Drosophilidae, Phoridae, and Mycetophilidae, relatively depauperate in Canada, had
proportionately larger numbers of species at Zurqui.

How many of the Zurqui species are undescribed. Our goal in estimating dipteran diversity at our study sites
was to determine how many species were present, regardless of whether we could name them or not. As such,
many taxa were recognized only as numbered morphospecies. For many groups, some of the morphospecies may
be named but there was taxonomic uncertainty (or difficulty) in applying a name. For example, for
Ceratopogonidae, with 4,278 specimens to examine, even potentially named species were mostly given
morphospecies designation until these can be studied more carefully in the light of an often scattered and
challenging literature. However, in at least a few relatively well known families, new species were recognized that
provide insight into what is present at Zurqui. As noted above, two of 13 species of the relatively well known
Culicidae were recognized as new. At least three of 10 Simuliidae were new species. The recently revised
Corethrellidae (Borkent 2008) had seven species of which two were undescribed. As such, even these
comparatively well-studied groups revealed unnamed diversity. All families with many species had large numbers
of undescribed species although for most, these could not be exactly determined. However, Chironomidae were
represented by 138 species, of which 98 (71%) were undescribed. Sciaridae were represented by 204 species, most
of which were undescribed, including species of 13 undescribed genera. The Psychodidae with a total of 171

74 - Zootaxa 4402 (1) © 2018 Magnolia Press BORKENT ET AL.



species included only 24 named, leaving 147 species (86% of the family) undescribed. Of the 314 species of
Cecidomyiidae in the fungivorous subfamilies (Lestremiinae, Micromyinae, Winnertziinae, Porricondylinae),
seven were previously named and 307 (98%) were undescribed species. Of the latter, 24 (and three new genera)
were named during the project (Jaschhof & Jaschhof 2014; Jaschhof 2016); 283 new species of these subfamilies
remain unpublished. The remaining 486 species, in the subfamily Cecidomyiinae, are largely or possibly entirely
unnamed. Within the Mycetophilidae, the genus Mycetophila had 136 species at Zurqui. Only four named species
are known from Costa Rica, indicating that the vast majority of Mycetophila from Zurqui are unnamed. These
observations on individual families confirm a startling level of undescribed diversity seen when comparing

numbers of largely unnamed species from Zurqui with those named from increasingly broader areas (Table 2, Figs
4-7).
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FIGURE 7. Relationship between number of all species occurring at Zurqui (named and unnamed) and all named species from
the world (not including Cecidomyiidae, with 800 species). Numbers of species from Pape and Thompson (2013), except as
noted in Table 2.

Discussion

When Linnaeus (1758) first published his list of the species of the world, he included 10 genera and 191 species of
Diptera (Thompson & Pape 2016), a number he thought reflected nearly all there was to know (Linnaeus 1749).
Clearly he underestimated the magnitude of this order and today we recognize 159,051 named species (Table 2).
Various authors have considered Diptera to make up 12-15% of Hexapoda (Grimaldi & Engel 2005; Zhang
2011b), 10-15% of Animalia (Yeates & Wiegmann 2005; Zhang 2011a, b), or 10% of all life (Brown 2009).
Inconsistencies in various estimates for many groups are partially due to the lack of reliable catalogs of described
species in many groups. Regardless, our results strongly indicate that all previous estimates of dipteran diversity
(except that by Hebert ef al. 2016) are far off the mark. In reality, there are many more species yet to be described
and, when they ultimately are, that will push this order to a much higher rank in terms of percentage of known
animal life, compared to vertebrates and some of the better known groups of insects, such as butterflies.
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How many species of Diptera are present on Earth. In spite of numerous previous attempts to estimate diversity
worldwide, a high level of uncertainty remains regarding the numbers of species on our planet, whether one is
considering an order of hyperdiverse insects, all arthropods, all eukaryotes, or even the totality of organismic life
(Berenbaum 2009). Due to this uncertainty, various authors have applied an array of techniques to extrapolate from
limited data to a worldwide basis (Borkent & Brown 2015). The literature is strewn with estimates of how many
species of various groups are present on Earth and numerous authors have lamented the lack of accurate
knowledge. Our project took the hard route to partially address the question by examining how many species of
one of the hyperdiverse orders of insects were present in a mainland tropical habitat.

Some other studies sampling a given area have been more constrained by restricting their projections to a
limited location. All of these, however, have selected certain taxa as representatives of a broader biota, using
various models (mostly species accumulation curves) to propose total diversity. Species accumulation curves are
powerful tools to interpret local diversity but will fail to accurately estimate broader species numbers if too few
representative groups are used in the analysis. Nearly all have opted for breadth of taxa at the cost of setting aside
the taxonomically "difficult" (often most species-rich) groups. Basset et al. (2012) estimated a total of 25,000
species of arthropods for a Panamanian reserve of 6,000 hectares based on 6,144 species sampled from 0.48
hectares. For the Diptera, they extrapolated from 193 species in only four families to suggest the presence of either
1,429 or 1,754 species of Diptera (depending on extrapolation method). These figures are in stark contrast to our
count of 4,332 species at Zurqui and indicate that Basset er al. (2012) seriously underestimated species numbers as
a result of their very restricted taxon sampling.

The use of surrogate taxa to estimate total diversity is employed in virtually all temperate studies as well (e.g.,
Scherber et al. 2014) and, in ignoring the high diversity of small and often delicate species, reflects a serious gap in
our understanding of community structure and function everywhere. For example, Baldi (2003) argued that family
richness reflected species richness in Diptera. Our results show that this conclusion is flawed and that interpreting
diversity at the species level, including those groups which are generally neglected, is vital (Wolters ef al. 2006).

A recent study of tropical Diptera in Australia (Smith & Mayfield 2015) compared numbers of species of
Diptera in patches of wet lowland forest of varying sizes. Their identification of 172 morphospecies in 33 families
might suggest low diversity in those habitats. However, their sampling was strongly constricted, collecting three
times at each of 35 sites (20 x 20 m), using nine pan traps for 24 hours and aerial netting for 7.5 minutes. The
sampling period was for only two months (during the wet season). The nematocerous Diptera included, for
example, only 21 species in five families. As such, it is highly probable that the dipteran fauna in those tropical
forest patches was significantly higher.

The diversity of Diptera at Zurqui was astoundingly high and with at least 4,332 species represents the most
species-rich area of such limited extent yet discovered for this order anywhere on the planet. It is important to
consider, however, that we selected this site because it had the following agreeable combination of scientific and
logistical features. First, many of us had conducted research in Costa Rica, a particularly science-friendly tropical
country to work in, for numbers of years. In conjunction with this, most of us were involved in the writing of the
comprehensive Manual of Central American Diptera (Brown et al. 2009, 2011), which provided an excellent
foundation for interpreting the species. Second, the Zurqui site is near the (sadly) now almost defunct Instituto
Nacional de Biodiversidad where excellent facilities were available and where previously trained and highly
skilled technicians were available to work on this project. Third, Zurqui had been previously recognized as a
diverse site for Hymenoptera (e.g., Gaston & Gauld 1993; Gauld 1997; Hanson 1995) and Phoridae (Brown 1996,
2000). Fourth, as a mid-elevation site, it was thought more likely to have higher levels of endemism than a lowland
site. Finally, much of the site at Zurqui was pristine cloud-forest that abuts Braulio Carrillo National Park
(4,409,900 hectares). As such, we do not consider the huge diversity at Zurqui to be unusual, at least within most of
the Neotropical Region.

There is still little understanding of why a particular lineage of Diptera diversifies in a certain area or in a
particular habitat. The fauna of the Neotropical Region is extremely rich and this region, encompassing more than
75 degrees of latitude, is immensely varied in topography and climate. Other areas are more depauperate. For
example, the subtropical and highly xeric United Arab Emirates, with 83,600 km®, has been studied in some detail
(van Harten 2008). As of April, 2017, a total of 711 species of Diptera have been recorded (at least 103 endemic) in
63 families (A. van Harten, pers. comm.). Eight of these families have not yet had their species identified. In
addition, the Cecidomyiidae were incompletely surveyed (12 Lestremiinae, 3 Micromyinae, 3 Cecidomyiinae
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present; Harris & van Harten 2010; Jaschhof & Jaschhof 2011) which might add some but clearly not a huge
number of species. Regardless, lower diversity would be expected, considering what we know of the general
habitats of Diptera. Other tropical locations inventoried for Diptera are islands and have limited faunas as well
(even though not all families were studied or incompletely so): Galdpagos with 294 (Sinclair 2009), Hawaii with
1,518 (Evenhuis 2009), Canary Islands with 1,024 (Evenhuis 2009), Seychelles with 630 species (Gerlach 2009)
and Fiji with 701 species (Evenhuis 2017). Studies of other mainland tropical sites are either dated and are clearly
incomplete (e.g., Curran 1934) or had limited collecting and restricted taxon sampling and therefore are not
comparable to our study (Basset er al. 2012; Stork 1991).

If various lineages of Diptera diversified at the same rate in terms of numbers of species, there would be some
hope of utilizing the numbers of species of such relatively well known groups as Culicidae and Tabanidae in
different regions as indicators of total dipteran diversity; this is unfortunately not the case. It is our opinion that
projections of total numbers on Earth are not possible until we have a more complete inventory of at least the most
species-rich groups from substantially more areas and different habitat types in at least the tropics. As it stands
now, our knowledge is so limited that we will continue to flounder until such data are generated.

It is difficult to relate to non-specialists how vast our ignorance truly is. The Tachinidae are a case in point.
Although there are 286 species at Zurqui, only 123 species are described from Costa Rica and 210 from all of
Central America (Table 2; Wood & Zumbado 2011, with modifications since). Based on years of specialist
sampling by D.M. Wood elsewhere in Costa Rica and Central America, there are an estimated 2,000 species in
Central America, most of these undescribed (Wood & Zumbado 2011). The family has a worldwide total of 8,500
recognized species (Table 2). As we have shown here, other big Diptera families are in similar positions (Table 2,
Figs 4-7), with huge diversity at Zurqui and comparatively poorly known elsewhere.

For decades, the Coleoptera has been the flagship group to compare diversity patterns and has functioned as a
surrogate for tropical diversity in general (Stork 2018). Estimates that Coleoptera, with 386,500 named species
(Zhang 2011b), represent 31% of all arthropods suggests that they are the most diverse order in the world.
However, in temperate regions, named Diptera are often more diverse than Coleoptera with, for example, 7,141
Diptera and 4,069 Coleoptera in Great Britain (Duff et al. 2012; Chandler 2017). Moreover, the accumulation
curves for Diptera (and Hymenoptera) suggest that the number of dipteran species will continue to rise for still
some time, whereas the British Coleoptera fauna has been nearly stagnant since about 1900 (Gaston 1991). In the
Nearctic Region, including the Nearctic portion of Mexico, there are 22,229 species of Diptera (Pape & Thompson
2013) and 25,160 species of Coleoptera in the more restricted area of Canada and the United States of America
(Marske & Ivie 2003). The British and North American comparisons include many cecidomyiids but the number of
species will markedly increase once this family is sampled with otherwise standard collecting methods and these
will add significantly to the total number of dipteran species in temperate areas. An ongoing taxonomic inventory
of fungivorous Cecidomyiidae in Sweden has identified 227 species new to science, of which 138 have been
described so far (Jaschhof & Jaschhof 2009, 2013); it is presently unknown how many species of Cecidomyiinae
are present there.

The big boost to numbers of Coleoptera comes from species in the tropics. Their body structure probably
makes them the most amenable of the hyperdiverse orders of insects to collect and preserve, including those that
are the smallest members of the order (Stork er al. 2015). This likely introduces a bias in relative appraisals of
species richness in other groups (see Noyes 2012, for similar discoveries among small Hymenoptera). Our study
included, for the first time for tropical Diptera, the families with the smallest and/or most fragile members, such as
Cecidomyiidae and Chironomidae. Other diverse families, such as Ceratopogonidae, Mycetophilidae, Phoridae,
Psychodidae, Sciaridae and Tipulidae are rarely included in broader studies due to either their small size, fragility,
a lack of systematists, challenging identifications, lack of financial support, or most often, a combination of these
factors. Ironically, because these groups are so diverse (and often inadequately described), they are avoided in
virtually all ecological and other studies surveying taxa. Even though Malaise traps are routinely used in other
insect surveys, the background "noise" of small and often broken specimens in samples is ignored. As such, it was
precisely our determination to sift through those otherwise neglected taxa that allowed us to create the most
complete picture of adult dipteran diversity at a mainland tropical site to date.

Our data strongly indicate that Diptera will likely surpass the Coleoptera in numbers of species worldwide, but
our goal in this project was not to determine global diversity of the group (see below). Rather it was to catch the
first focused glimpse of tropical dipteran diversity, as an initial gauge of our collective ignorance. Postulating total
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diversity levels on the planet, as summarized in the introduction, will likely continue to vary widely until we have
more evidence concerning such groups as Diptera in their breadth.

Virtually all biodiversity studies on holometabolous insects are limited to the adult stage, even though the
primary functions of this stage are mostly restricted to reproduction and dispersal. It is the larvae that use a wide
array of resources within given habitats. In our study, we do not know how many of the species recovered are
actually using the site as habitat as opposed to being transients (e.g., those blown into the area). Adults may utilize
resources, such as nectar and other food present at the site, without their immatures being present. Adults may also
use an area as an important component of their dispersal. However, to understand the full ecology of such sites it
must be part of future goals to determine where the immatures are living and what resources they use (Missa et al.
2009). Some of our trapping at Zurqui was directed at capturing emerging Diptera. Emergence traps over a wide
array of substrates both terrestrial (e.g., leaf litter, bromeliads, branches both wet and dry, mushrooms) and aquatic
(running, standing, stagnant) captured 769 species (Fig. 2), representing 18% of the total number of 4,332 species
recorded at Zurqui.

Some studies have opted for examining levels of diversity using identifications only to the generic or family
level (e.g., Baldi 2003; Kitching et al. 2004, 2005; Lambkin et al. 2011). In biodiversity studies it is often forgotten
that taxon names above the species level are artificial and are primarily for the convenience of humans. Genera and
families are categories grouping various lineages which are, or should be, monophyletic and which appear to have
a morphological gap between them. Comparisons between non-sister groups or between groups of significantly
different age are largely meaningless in a biological sense. Hennig (1950, 1966) pointed out long ago that only
phylogenies provide a sound basis for logical comparisons between taxa. For example, of the four hyperdiverse
orders of insects, if Diptera, Lepidoptera and Hymenoptera form a monophyletic group (Grimaldi & Engel 2005),
they collectively include more than 429,676 species. Together they have been hypothesized as the sister group of
Coleoptera with 386,500 species (Grimaldi & Engel 2005; Zhang 2011b). A historically based question, not
pursued here, is "how did two sister groups diversify and how do they compare in their numbers of species,
specializations and adaptations?"

How can there be 4,332 species of Diptera at Zurqui. The outstanding diversity of Diptera at Zurqui begs the
question as to how so many species can live in such a small area of four hectares. It is well known for many groups
that ecological specialization is widespread in the tropics. Condon et al. (2008), for example, found 52 Neotropical
species of tephritid fruit flies in the genus Blepharoneura Loew on 24 cucurbit host plant species with high levels
of host specificity as well as specificity to certain parts of the plants. Widespread plant species supported as many
as 13 species of Blepharoneura, indicating that geography, age and area are also important components of diversity.
Brown & Feener (1995) found 127 species of the ant-parasitizing phorid genus Apocephalus Coquillett at La Selva
Biological Station in Costa Rica, most of which are specialized on single ant host species. Brown (1999)
additionally found specialization of various phorid flies on specific parts of ants (i.e., one species on the head, one
on the abdomen, one on the legs). Tachinidae also may be highly host specific (Smith ez al. 2006, 2007). Pyrgotidae
are considered to be strictly parasitoids of adult chafer beetles, with morphologically specialized modes of
oviposition into host bodies not only of different size, but also of different sex (V. Korneyev, unpublished data).
Other host-specific groups, such as the streblid flies that parasitize bats, are closely tied in distribution and diversity
to their hosts. The Neotropical Region is especially diverse in bat species (particularly leaf-nosed bats of the family
Phyllostomidae) and likewise streblid diversity reaches its zenith in the Neotropics (Dick & Patterson 2006).
Habitat distinction on a small scale may also promote fly diversity. For example, substrate specialization appears
key to sympatric diversity in the micro-Dolichopodidae (several genera with species about one mm in size, e.g.,
Enlinia Aldrich with seven species at Zurqui) since adults of some species occur only on soil or wet sand, others on
leaves or tree trunks, and even different species on wet versus dry surfaces of the same rock (Robinson 1969).
Every species-rich family of Diptera includes examples such as these.

Many of the most diverse groups at Zurqui are those that thrive in wet environments (e.g., Tipulidae,
Ceratopogonidae, Chironomidae, Mycetophilidae, Sciaridae, Dolichopodidae, Psychodidae, Drosophilidae),
habitats that were certainly abundant in this cloud forest. Other groups, like the diverse Tachinidae are parasitoids,
generally on herbivorous insects, which are known to have high richness in tropical forests. The Zurqui site also
was obviously amenable to the larvae of such plant-associated (for most species) families as Cecidomyiidae,
Agromyzidae and Chloropidae and fungus-associated Mycetophilidae and Sciaridae. Sciaridae and Drosophilidae
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larvae often live in decaying vegetative matter and fungi. The second largest group at Zurqui, the Phoridae, is so
diverse and poorly-known that assigning its components to certain lifestyles and habitats is premature. Based on
current knowledge, they include the third largest group of parasitoid Diptera (after Tachinidae and Bombyliidae),
but mostly attacking social insects (especially ants), which are not as diverse at higher elevations as in the
lowlands. Among the 407 recognized phorid species at Zurqui, there are ant, bee, termite, beetle, and millipede
parasitoids and various commensals, non-predators, and non-parasitoids but the lifestyles of most are unknown.

Of all species collected during our study (other than 407 species of Phoridae—which were studied primarily
only from Malaise trap #1), emergence traps sampled 769 species (360 of these unique to the project; Table 3),
demonstrating that at least 18% of the 4,332 species of Diptera reported here were likely present as immatures at
Zurqui. Of these the families Cecidomyiidae (n= 106), Chironomidae (n= 78), Dolichopodidae (n= 75), Sciaridae
(n= 68), Psychodidae (n= 50), and Ceratopogonidae (n= 48) predominated. We do not know how many of the
remaining species bred at the site, nor how many used the area only as a source of nectar or other adult resources,
nor how many might have simply blown into the area by regional weather (and if that might be important for the
dispersal of the species). Malaise trap #1 (Fig. 1A) located at the edge of the forest collected the greatest number of
species and may have sampled more species blown into the area when strong winds, often common, were present at
Zurqui. Regardless, discovery of the specializations and microhabitats that support this diversity will provide a
wealth of future challenges.

Why not just DNA barcode all the species everywhere. Some readers will be surprised to find that we did not
DNA barcode the species we studied morphologically, especially when it is clear that such information can provide
important clarity regarding some species' identities (Janzen et al. 2009). This was due to financial and logistical
limitations.

There are repeated claims that barcoding is a faster path to determining the identity and numbers of species
(e.g., Hendrich et al. 2015; Kekkonen & Hebert 2014; Meier et al. 2006; Ratnasingham & Hebert 2013). Aside
from issues regarding the interpretation of DNA barcodes for species recognition (Jaschhof 2010; Zahari et al.
2014), our goal was not only to determine how many species were present at Zurqui, but also to understand them
on a broader level (Wheeler 1995). Morphological studies are far more informative in understanding diversity than
a species known only as a number. Barcoding, of course, is a powerful and useful tool in aiding species identity
(including for inventories) and association of sexes and poorly known immatures with adults but we see it as just
one useful instrument in a much larger toolbox (e.g., Dénes et al. 2016; Germann et al. 2010; Heller & Rulik 2016;
Jurgenstein ef al. 2015; Kehlmaier & Assmann 2008; Petersen et al. 2007; Salmela et al. 2014; Stahls & Haarto
2014; Stur & Borkent 2014; Stur & Ekrem 2015; Willassen 2005). Barcode clusters are hypotheses of species
identity that need to be confirmed by taxonomists working with more complete sets of evidence.

Hebert et al. (2016) recently surveyed the Canadian insect fauna using just barcodes of specimens identified to
family (some to genus), determining that Canada had 23,591 species of Diptera, nearly three times greater than
those named (Langor 2015). The recognition of strikingly higher diversity of Cecidomyiidae, Chironomidae,
Sciaridae, Ceratopogonidae, Mycetophilidae, and Phoridae than previously known clearly indicates that much of
the Canadian fauna is poorly known for at least these families. However, the specimens of these families were
cleared during the extraction process and are now stored in ethanol (other methods are not so damaging—Meier et
al. 2016). Without further curation, these specimens may be lost to science as far as any further study of their
morphology is concerned within a few decades (and perhaps sooner—at least some old alcohol specimens are
impossible to slide mount for some families of Diptera). Further to this, examination of photos of barcoded
specimens in the Barcode of Life Data Systems (BOLD; www.boldsystems.org) shows that some are in such poor
condition there is little chance they could be studied morphologically. Many, and especially those of
Cecidomyiidae, probably will be unsuitable for study by taxonomists (i.e., not subject to verification). There appear
to be no plans by their project to curate this material (other than responding to taxonomists who wish to borrow
specimens) and therefore the future identification of many of these species will require fresh material that might
then be studied morphologically. Some of the Canadian specimens in other families were examined by specialists
during the course of their study but there is no evidence in the publication of what contribution these specialists
made (or their names).

Study of morphology by taxonomic experts provides further levels of information that help to address further
biological questions. It is of limited value to know solely that there are piles of species in certain groups. When
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genera and species are examined, named, and described, the information content provided increases markedly.
Data on morphological differences between species, morphological adaptations, bionomics and phylogenetic
relationships (including related species and their adaptations) then become available (Wheeler 1995). The
Cecidomyiidae are a case in point. Recognition of 8,467 putative species of Canadian Cecidomyiidae (as BINs) is
of limited value when these are only identified to the family level (Hebert e al. 2016). As pointed out above, there
is a wealth of feeding modes and larval habitats within this family, which in conjunction with other adaptations are
understood in major ways by systematists working primarily morphologically on the group (Gagné 1989, 1994;
Jaschhof & Jaschhof 2009, 2013). This is true for all families of Diptera, with each having various adaptations and
patterns of diversification understood, at least in part, by systematists. This knowledge of biodiversity not only
informs our understanding today but is predictive for interpreting newly discovered patterns. It is, therefore, our
consideration that had Hebert et al. (2016) incorporated the study of the material by systematists, the publication
would have been markedly enhanced.

The question here, therefore, reflects our perspective on what our goals as biologists should be. Counting
species is fine but these numbers in and of themselves are of limited value. What difference does it make to our
science whether there are 3, 5 or 10 million unnamed species on Earth? The numbers by themselves are rather
useless in their biological significance, other than watching extinction rates (Costello ef al. 2013; Pimm et al.
1995). For instance, it is an interesting fact that there are more than 1,400 species of birds in Bolivia but that
number does not provide much information in itself. However, a wealth of interesting questions arise when one
knows their morphology, phylogenetic relationships (including incorporating fossils) and zoogeography,
interpreting their functional morphology and adaptations, and understanding species interactions, life histories, and
use of resources (by adults and juveniles). All of these are part of the patterns of routine interest to systematists. It
is these sorts of questions that will help us better understand what factors drive tropical diversity.

A repeated point in the literature is that morphotaxonomy is expensive and DNA barcoding relatively cheap
(e.g., Carbayo & Marque 2011; Hebert et al. 2016; Smith ef al. 2008; Wong et al. 2014; Yu et al. 2012). So too,
there is the argument that molecular techniques are fast, while it will take hundreds of years to describe all the
species present on our planet. However, we often get what we pay for. As a group, our experience comprises 1,771
person years of taxonomic study of Diptera and, at the risk of boasting, we collectively know a great deal about the
organisms we study that includes first hand contact with the organisms, in nature and in the laboratory, knowledge
that is vital to a broader interpretation of biodiversity. Knowing the morphology (including barcoding), behaviour
and general habitats of the taxa under study, therefore, clarifies the breadth and nature of inventories (Cardoso et al.
2011).

Where do we go from here? Suggestions for future research. Our one year study was limited, being restricted to
two continuously running Malaise traps with a variety of other collecting methods used for three days per month at
Zurqui and a continuous Malaise trap at each of Tapanti and Las Alturas. Further collecting is needed, especially
for determining the asymptote on the species accumulation curve (Brown et al., unpublished data). Important
components in the interpretation of species inventories are the documentation of the distributions of the included
species and the need for beta-diversity comparisons.

Here, all species were identified to named species or morphospecies (Appendix 1), nearly all of which require
further taxonomic study and interpretation (but see papers generated by our project: Adler et al. 2017; Bickel 2015;
Brown 2014; Brown & Porras 2016; Costa et al. 2016; Epler 2017; Grimaldi 2016; Hartop & Brown 2014a, b, c;
Jaschhof 2014, 2016; Jaschhof & Jaschhof 2014, Kvifte et al. 2016, 2018; Marshall 2015; Michelsen 2017;
Santarém et al. in press). ZADBI specimens will undoubtedly form the basis for many more taxonomic papers over
the coming decades. This clearly reflects the current general lack of comprehensive monographs that can be used as
identification guides. Our study included only adults (other than immatures of Simuliidae), and in some instances,
only males of certain genera. For the vast majority of species the larval stage is of the greatest duration and is the
stage in which most feeding (and thus ecological importance) is concentrated. As such, documentation of larval
habitats will substantially enhance our understanding of community structure (and inventories).

Erwin (1991, 2004) and Erwin et al. (2005) proposed a research model that would systematically collect and
interpret tropical diversity. Primarily it is a call for the investigation of species through beta-diversity studies over a
grid of 1° by 1° over the face of the earth. We agree. It is our contention that future estimates of species diversity
should be based on actual study of the species on our planet and that, as Erwin (2004) noted, we should move from
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a "model rich, data poor" situation to undertaking the science that needs to be done, to truly identify, interpret and
protect the fauna (Cardoso et al. 2011; Erwin & Geraci 2009). What is required is an army of systematists and
technicians (including those skilled in DNA barcoding and other molecular techniques), carefully selected and
constrained sampling areas throughout the tropical regions of the world, and the societal vision to support such an
endeavour before what will certainly be the extinction of literally untold numbers of species. Although papers
providing conjectures regarding total species numbers on the planet will likely continue to be published and can
appear to be "big science", the reality is that we will not know until we look.

Our goal as biologists is to understand life in all its breadth. The role of systematists is fundamental to this
endeavour in as much as we describe species (using morphological, behavioural, bionomic and molecular data) and
provide evolutionary trees that provide the basis for interpreting all biological patterns. Species need to be named
(placed into a historical context with their phylogenetic relations) and ecological roles and morphological
adaptations need interpretation and description. The Diptera are one of the most exciting and promising groups to
study because they are remarkably diverse in terms of species, morphology and ecology. Flies are abundant and
broadly distributed and further intense study would almost certainly lead to future discoveries that would match the
wealth of information that came from discovering polytene chromosomes in Drosophila, the role of Culicidae and
other biting flies in the transmission of diseases, and a host of other outstanding and valuable biological
phenomena.

The need for basic biosystematic research extends throughout the planet. Although we have discovered an
enormous level of dipteran diversity in a cloud forest in Costa Rica, Fontaine ef al. (2012) showed that even Europe
is incompletely understood, with the Diptera fauna there not yet reaching an asymptote (also from data provided by
B. Fontaine, pers. comm.). The Neotropical and Oriental Regions are likely the richest biogeographic areas in the
world for Diptera and also the most poorly known (Amorim 2009; Brown 2005; Grootaert 2009). At a time when
most science funding goes to applied or highly directed research, there is clearly a tremendous need for basic
research if we are to explore the richness of dipteran diversity. As all other species-related research relies on the
recognition of species, it is of paramount importance that this basis (taxonomic research) is strong and maintained.
Our present knowledge is so poor, however, that only the most general of zoogeographic patterns are known in the
New World tropics (Amorim 2009). For family after family, we see the same pattern of virtually or entirely
unexplored faunas throughout much of Central and South America. We are truly the early explorers on much of the
planet.

Human beings living in the 21 century are facing a frightening paradox. There is a broad scientific consensus
that we are currently experiencing a sixth extinction of epic proportions, based in large measure on data from
vertebrates (Dirzo et al. 2014; Kolbert 2014). On the other hand, it is widely understood that we haven't named, nor
even collected, the majority of species and do not know how many, by orders of magnitude, are living on our planet
(e.g., Larsen et al. 2017). Costello et al. (2013), however, suggested that extinction rates are not of the alarming
magnitude that some believe them to be because they estimate the presence of 5 + 3 million eukaryotes and with
substantial taxonomic effort progress being made to describe them. Before accurate estimates of diversity and
extinction rates can be determined, it is imperative to understand the true diversity of species. Detailed inventories
and understanding distributions of those species are of vital importance to more precise estimates (Wiens 2016).
Our study shows strikingly high diversity of Diptera and likely high levels of endemism. If endemism is indeed
elevated, especially at higher altitudes, species are very likely disappearing at an equally high rate, based on the
reasonable assumption that clear-cut tropical mountains once held large numbers of endemic species. For example,
we will now never know how many species once occupied the forests of Haiti, and how many of those were
unique, before that country was nearly entirely denuded of its native vegetation.

Approximately 1.9 million species of metazoan life have been named thus far (Chapman 2009) and estimates
of the number of named and unnamed insect species generally range from 1.8 to 10 million. Among
conservationists, the focus has been on attempts to save various mammals, birds, and amphibians while the status
of invertebrates, with the exception of some butterflies, remains very poorly understood (Berenbaum 2009; Dirzo
et al. 2014). Such ignorance is unsettling because insects, which presently make up about 40% of all named
eukaryotic life, are the "movers and shakers" of terrestrial ecosystems. We know that we are causing significant
harm to our planet but we have little idea of what impact that has on those insect species upon which we depend
(e.g., pollinators, decomposers, food for many vertebrates, etc., etc.). How can we manage and protect other
species that co-inhabit Earth when we do not even know what they are or where they live? Such ignorance not only
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impacts conservation decisions but also points to the wealth of untapped information yet available for numerous
areas of biological research, including fundamental questions of evolution, community structure, morphology, and
development, among many others.

Since Galileo’s first forays into examining the plethora of stars that are in our universe, many billions of dollars
have been spent on furthering our understanding of the nature of those celestial bodies. So too, many billions have
been spent on studying the details of matter itself. The failure to prioritize, or at least equalize, the study of
biodiversity here on Earth is a gross failure to appreciate that the door is rapidly closing on our chance to
comprehensively understand life on our planet. As valuable and intriguing as both celestial bodies and the nature of
matter are, learning more is not critical to maintaining life on our planet. We are running out of time to apply
substantial and sustained support to our understanding of the life forms that surround us and upon which we as a
species depend.

Acknowledgements

This project was supported by National Science Foundation (USA) grant DEB 1145890 to Brian V. Brown and Art
Borkent. We thank Instituto Nacional de Biodiversidad in Costa Rica for providing laboratory facilities and
logistical assistance. The following Costa Rican technicians collected, sorted, and curated the vast bulk of samples
with tremendous skill and commitment: Carolina Avila, Marco Moraga, Annia Picado, Wendy Porras, Elena Ulate,
and Elvia Zumbado. We thank them all for their amazing dedication to our project—muchas gracias a todos! Our
two program managers at the LACM, Anna Holden and Estella Hernandez, helped to organize the logistics of our
project and we extend our sincere appreciation for their important efforts. We extend our deepest appreciation to
Jorge Arturo Lizano for his generous permission to work on his property at Zurqui de Moravia for a one year
period. We thank F. Christian Thompson for collecting and identification of some Syrphidae. Thanks also to Diego
Ibafiez Miranda, Stephen N. Marshall and Anthony N. Gaimari for collecting assistance during the Diptera Blitz in
Costa Rica. Art Borkent thanks his wife Annette Borkent for much appreciated support for this and other
systematic efforts. Alessandre Pereira-Colavite thanks the Conselho Nacional de Desenvolvimento Cientifico e
Tecnolégico (CNPq, #350052/2014-4) and Fundagdo de Apoio a Pesquisa do Estado da Paraiba (FAPESQ) in
Brazil for the research support. Mathias Jaschhof thanks his wife Catrin Jaschhof for indispensable technical and
other support of his studies of ZADBI cecidomyiids. Jeff Skevington thanks Agriculture and Agri-Food Canada for
funding for fieldwork and molecular work. We are also greatly indebted to Anja De Braekeleer for her assistance in
dolichopodid collection management and databasing. Keith Bayless provided author names for species of
Tabanidae. Thanks to Nigel Stork and an anonymous reviewer for suggested changes to the text. Mention of trade
names or commercial products in this publication is solely for the purpose of providing specific information and
does not imply recommendation or endorsement.

We lament the deaths of two coauthors, Cheslavo Korytkowski, who worked on Lonchaeidae, and Terry
Wheeler, who worked on Chloropidae, during the course of this study. They are and will be missed in our
community.

References

Adler, P.H. & Crosskey, R.W. (2012) World blackflies (Diptera: Simuliidae): a comprehensive revision of the taxonomic and
geographical inventory. Available from: http://blackflies.info/sites/blackflies.info/files/ul3/blackflyinventory web 2012 0.pdf
(accessed 3 September 2017)

Adler, PH., Borkent, A., Hamada, N. & McCreadie, J.W. (2017) Biodiversity of Simulium metallicum sensu lato (Diptera:
Simuliidae), a complex of Neotropical vectors associated with human onchocerciasis. Acta Tropica, 173, 171-179.
https://doi.org/10.1016/j.actatropica.2017.06.017

Amorim, D.S. (2009) Neotropical Diptera diversity: richness, patterns, and perspectives. /n: Pape, T., Bickel, D.J. & Meier, R.
(Eds.), Diptera diversity: status, challenges and tools. Brill, Leiden, pp. 71-97.
https://doi.org/10.1163/€j.9789004148970.1-459.17

Amorim, D.S. & Pires, M.R.S. (1996) Neotropical biogeography and a method for maximum biodiversity estimation. /n:
Bicudo, C.E.M. & Menezes, N.A. (Eds.), Biodiversity in Brazil: A first approach. CNPq, Sdo Paulo, pp. 183-219.

Amorim, D.S. & Schiihli, G.S. (2017) A new species of Euricrium Enderlein from southern Brazil, new records for E. varians

82 - Zootaxa 4402 (1) © 2018 Magnolia Press BORKENT ET AL.



(Lane), a new combination, and a key for the Neotropical species of the genus. Zootaxa, 4231 (3), 327-340.
https://doi.org/10.11646/zootaxa.4231.3.2

Bachli, G. (2017) TaxoDros: The database on taxonomy of Drosophilidae. Available from: http://www.taxodros.uzh.ch/
(accessed 3 September 2017)

Baldi, A. (2003) Using higher taxa as surrogates of species richness: a study based on 3700 Coleoptera, Diptera, and Acari
species in Central-Hungarian reserves. Basic and Applied Ecology, 4, 589—593.
https://doi.org/10.1078/1439-1791-00193

Basset, Y., Samuelson, G.A., Allison, A. & Miller, S.E. (1996) How many species of host-specific insects feed on a species of
tropical tree? Biological Journal of the Linnean Society, 59, 201-216.
https://doi.org/10.1111/1.1095-8312.1996.tb01461.x

Basset, Y., Cizek, L., Cuénoud, P., Didham, R K., Guilhaumon, F., Missa, O., Novotny, V., @degaard, F., Roslin, T., Schmidl, J.,
Tishechkin, A K., Winchester, N.N., Roubik, D.W., Aberlenc, H-P., Bail, J., Barrios, H., Bridle, J.R., Castafio-Meneses, G.,
Corbara, B., Curletti, G., da Rocha, W.D., De Bakker, D., Delabie, J.H.C., Dejean, A., Fagan, L.L., Floren, A., Kitching,
R.L., Medianero, E., Miller, S.E., de Oliveira, E.G,, Orivel, J., Pollet, M., Rapp, M., Ribeiro, S.P., Roisin, Y., Schmidt, J.B.,
Serensen, L. & Leponce, M. (2012) Arthropod diversity in a tropical forest. Science, 338, 1481-1484.
https://doi.org/10.1126/science.1226727

Berenbaum, M. (2009) Insect biodiversity — millions and millions. /n: Foottit, R.G. & Adler, P.H. (Eds.), Insect biodiversity:
science and society. Wiley-Blackwell, Chichester, pp. 575-582.
https://doi.org/10.1002/9781444308211.ch25

Bergeron, M.D., Marshall, S.A. & Swann, J.E. (2015) A review of the New World Coproica (Diptera: Sphaeroceridae) with a
description of 8 new species. Zootaxa, 3953 (1), 1-157.
https://doi.org/10.11646/zootaxa.3953.1.1

Bickel, D.J. (2015) The Costa Rican Systenus Loew (Diptera: Dolichopodidae): rich local sympatry in an otherwise rare genus.
Zootaxa, 4020, 169—182.
https://doi.org/10.11646/zootaxa.4020.1.7

Borkent, A. (2008) The frog-biting midges of the world (Corethrellidae: Diptera). Zootaxa, 1804, 1-456.

Borkent, A. (2014) World catalog of extant and fossil Corethrellidae (Diptera). Zootaxa, 3796 (3), 453—468.
https://doi.org/10.11646/zootaxa.3796.3.3

Borkent, A. (2016) World species of biting midges (Diptera: Ceratopogonidae). Available from: http://wwx.inhs.illinois.edu/
files/4514/6410/0252/CeratopogonidaeCatalog.pdf (accessed 3 September 2017)

Borkent, A. & Brown, B.V. (2015) How to inventory tropical flies (Diptera)—one of the hyperdiverse orders of insects.
Zootaxa, 3949 (3), 301-322.
https://doi.org/10.11646/zootaxa.3949.3.1

Bourg, A. & Hanson, P.E. (2014) Host specificity of gall midges (Diptera: Cecidomyiidae) on ten species of /nga (Fabaceae).
In: Fernandes, G.W. & Santos, J.C. (Eds.), Neotropical insect galls. Springer, New York, pp. 151-161.
https://doi.org/10.1007/978-94-017-8783-3_10

Brown, B.V. (1996) Preliminary analysis of a host shift: revision of the Neotropical species of Apocephalus, subgenus
Mesophora (Diptera: Phoridae). Contributions in Science, 462, 1-36.

Brown, B.V. (1999) Differential host use by Neotropical phorid flies (Diptera: Phoridae) that are parasitoids of ants
(Hymenoptera: Formicidae). Sociobiology, 33, 95—103.

Brown, B.V. (2000) Revision of the "Apocephalus miricauda-group" of ant-parasitizing flies (Diptera: Phoridae).
Contributions in Science, 482, 1-62.

Brown, B.V. (2005) Malaise trap catches and the crisis in Neotropical dipterology. American Entomologist, 51, 180—183.
https://doi.org/10.1093/ae/51.3.180

Brown, B.V. (2009) Introduction. /n: Brown, B.V., Borkent, A., Cumming, J.M., Wood, D.M., Woodley, N.E. & Zumbado,
M.A. (Eds.), Manual of Central American Diptera. Vol. 1. National Research Council Press, Ottawa, pp. 1-7.

Brown, B.V. (2014) Revision of the Apocephalus analis group of ant-decapitating flies (Diptera: Phoridae). Zootaxa, 3857 (4),
551-570.
https://doi.org/10.11646/zootaxa.3857.4.5

Brown, B.V., Borkent, A., Cumming, J.M., Wood, D.M., Woodley, N.E. & Zumbado, M.A. (Eds.), (2009) Manual of Central
American Diptera. Vol. 1. National Research Council Press, Ottawa, 714 pp.

Brown, B.V., Borkent, A., Cumming, J.M., Wood, D.M., Woodley, N.E. & Zumbado, M.A. (Eds.) (2011) Manual of Central
American Diptera. Vol. 2. National Research Council Press, Ottawa, xvi + 728 pp. [pp. i—xvi + 715-1442]

Brown, B.V. & Feener, D.H. Jr. (1995) Efficiency of two mass sampling methods for sampling phorid flies (Diptera: Phoridae)
in a tropical biodiversity survey. Contributions in Science, 459, 1-10.

Brown, B.V. & Porras, W. (2016) A second species, and first Central American record, of the phorid fly genus Lenkoa
Borgmeier (Diptera: Phoridae). Zootaxa, 4168 (3), 583—588.
https://doi.org/10.11646/zootaxa.4168.3.11

Caley, M.J., Fisher, R. & Mengersen, K. (2014) Global species richness estimates have not converged. Trends in Ecology and
Evolution, 29, 187—-188.
https://doi.org/10.1016/j.tree.2014.02.002

REMARKABLE FLY DIVERSITY IN A COSTA RICAN CLOUD FOREST Zootaxa 4402 (1) © 2018 Magnolia Press - 83


http://wwx.inhs.illinois.edu/files/4514/6410/0252/CeratopogonidaeCatalog.pdf

Cannings, S. (1994) Endangered terrestrial and freshwater invertebrates in British Columbia. /n: Harding, L.E. & McCullum,
E. (Eds.), Biodiversity in British Columbia: our changing environment. Canadian Wildlife Service, Environment Canada,
Ottawa, pp. 47-51.

Carbayo, F. & Marque, A.C. (2011) The cost of describing the entire animal kingdom. Trends in Ecology and Evolution, 26,
154-155.
https://doi.org/10.1016/j.tree.2011.01.004

Cardoso, P., Erwin, T.L., Borges, P.A.V. & New, T.R. (2011) The seven impediments in invertebrate conservation and how to
overcome them. Biological Conservation, 144, 2647-2655.
https://doi.org/10.1016/j.biocon.2011.07.024

Chandler, P.J. (2017) An update of the 1998 checklist of Diptera of the British Isles. Available from: http://
www.dipteristsforum.org.uk/documents/BRITISH _ISLES CHECKLIST.pdf (accessed 3 September 2017)

Chapman, A.D. (2009) Numbers of living species in Australia and the world. 2" Edition. Department of the Environment,
Water, Heritage and the Arts, Australian Government, Canberra, 80 pp.

Condon, M.A., Scheffer, S.J., Lewis, M. & Swensen, S.M. (2008) Hidden Neotropical diversity: greater than the sum of its
parts. Science, 320, 928-931.
https://doi.org/10.1126/science.1155832

Costa, D.N.R., Mathis, W.N. & Marinoni, L. (2016) A revision of the shore-fly genus Lamproclasiopa Hendel (Diptera,
Ephydridae). ZooKeys, 631, 1-99.
https://doi.org/10.3897/zookeys.631.10718

Costello, M.J., Wilson, S. & Houlding, B. 2012. Predicting total global species richness using rates of species descriptions and
estimates of taxonomic effort. Systematic Biology, 61, 871-883.
https://doi.org/10.1093/sysbio/syr080

Costello, M.J., May, R.M. & Stork, N.E. 2013. Can we name Earth’s species before they go extinct? Science, 339, 413-416.
https://doi.org/10.1126/science.1230318

Courtney, G.W., Pape, T., Skevington, J.H. & Sinclair, B.J. (2017) Biodiversity of Diptera. /n: Foottit, R.G. & Adler, P.H.
(Eds.), Insect biodiversity: science and society. 2" Edition. Wiley-Blackwell, Chichester.

Curran, C.H. (1934) The Diptera of Kartabo, Bartica District, British Guiana, with descriptions of new species from other
British Guiana localities. Bulletin of the American Museum of Natural History, 66, 287—532.

Dalbem, R.V. & Mendonca, M.D. (2006) Diversity of galling arthropods and host plants in a subtropical forest of Porto Alegre,
southern Brazil. Neotropical Entomology, 35, 616—624.
https://doi.org/10.1590/S1519-566X2006000500007

Darwin, C. (1859) On the origin of species by means of natural selection, or; the preservation of favoured races in the struggle
for life. John Murray, London, 502 pp.

Delgado Puchi, N. (2003) Dipteros. /n: Aguilera, M., Azocar, A. & Gonzélez Jiménez, E. (Eds.), Biodiversidad en Venezuela.
Tomo I. Fundacion Polar, Caracas, pp. 448—461.

Dénes, A.-L., Kolcsar, L.-P., Torok, E. & Keresztes, L. (2016) Taxonomic revision of the Carpathian endemic Pedicia
(Crunobia) staryi species-group (Diptera, Pediciidae) based on morphology and molecular data. ZooKeys, 569, 81-104.
https://doi.org/10.3897/zookeys.569.7458

Dick, C.W. & Patterson, B.D. (2006) Bat flies: obligate ectoparasites of bats. /n: Morand, S., Krasnov, B.R. & Poulin, R. (Eds.),
Micromammals and macroparasites: from evolutionary ecology to management. Springer-Verlag, Tokyo, Berlin,
Heidelberg, New York, pp. 179-194.
https://doi.org/10.1007/978-4-431-36025-4 11

Dirzo, R., Young, H.S., Galetti, M., Ceballos, G., [saac, N.J.B. & Collen, B. (2014) Defaunation in the Anthropocene. Science,
345, 401-406.
https://doi.org/10.1126/science.1251817

Duff, A., Lott, D.A. & Buckland, P.C. (2012) Checklist of beetles of the British Isles. Pemberley Books, Iver, 174 pp.

Epler, J.H. (2017) An annotated preliminary list of the Chironomidae (Diptera) of Zurqui, Costa Rica. CHIRONOMUS Journal
of Chironomidae Research, 30, 4-18.
https://doi.org/10.5324/cjecr.v0i30.2240

Erwin, T.L. (1982) Tropical forests: their richness in Coleoptera and other arthropod species. The Coleopterists Bulletin, 36,
74-75.

Erwin, T.L. (1991) How many species are there?: revisited. Conservation Biology, 5, 330-333.
https://doi.org/10.1111/j.1523-1739.1991.tb00145.x

Erwin, T.L. (2004) The biodiversity question: how many species of terrestrial arthropods are there? /n: Lowman, M. & Brinker,
B. (Eds.), Forest canopies. Academic Press, London, pp. 259-269.
https://doi.org/10.1016/B978-012457553-0/50019-8

Erwin, T.L. & Geraci, C.J. (2009) Amazonian rainforests and their richness of Coleoptera, a dominant life form in the critical
zone of the Neotropics. /n: Foottit, R.G. & Adler, P.H. (Eds.), Insect biodiversity: science and society. Wiley-Blackwell,
Chichester, pp. 49-67.
https://doi.org/10.1002/9781444308211.ch4

Erwin, T.L., Pimienta, M.C., Murillo, O.E. & Aschero, V. (2005) Mapping patterns of B-diversity for beetles across the Western

84 - Zootaxa 4402 (1) © 2018 Magnolia Press BORKENT ET AL.



Amazon Basin: a preliminary case for improving inventory methods and conservation strategies. Proceedings of the
California Academy of Sciences, Series 4, 56 (Supplement I), 72—85.

Evenhuis, N.L. (2009) Hawaii’s Diptera biodiversity. /n: Pape, T., Bickel, D.J. & Meier, R. (Eds.), Diptera diversity: status,
challenges and tools. Brill, Leiden, pp. 47-70.
https://doi.org/10.1163/€j.9789004148970.1-459.11

Evenhuis, N.L. (2017) Fiji Arthropod Survey. Checklists. Available from: http://hbs.bishopmuseum.org/fiji/checklists.html
(accessed 3 September 2017)

Ewers, R.M. & Didham, R.K. (2006) Continuous response functions for quantifying the strength of edge effects. Journal of
Applied Ecology, 43, 527-536.
https://doi.org/10.1111/j.1365-2664.2006.01151.x

Fontaine, B., van Achterberg, K., Alonso-Zarazaga, M.A., Araujo, R., Asche, M., Aspock, H., Aspsck, U., Audisio, P.,
Aukema, B., Bailly, N., Balsamo, M., Bank, R.A., Belfiore, C., Bogdanowicz, W., Boxshall, G., Burckhardt, D.,
Chylarecki, P., Deharveng, L., Dubois, A., Enghoff, H., Fochetti, R., Fontaine, C., Gargominy, O., Gomez Lopez, M.S.,
Goujet, D., Harvey, M.S., Heller, K.-G., van Helsdingen, P., Hoch, H., De Jong, Y., Karsholt, O., Los, W., Magowski, W.,
Massard, J.A., Mclnnes, S.J., Mendes, L.F., Mey, E., Michelsen, V., Minelli, A., Nieto Nafria, J.M., van Nieukerken, E.J.,
Pape, T., De Prins, W., Ramos, M., Ricci, C., Roselaar, C., Rota, E., Segers, H., Timm, T., van Tol, J. & Bouchet, P. (2012)
New species in the Old World: Europe as a frontier in biodiversity exploration, a test bed for 21st Century taxonomy. PLoS
ONE, 7, ¢36881.
https://doi.org/10.1371/journal.pone.0036881

Gagné, R.J. (1989) The plant-feeding gall midges of North America. Cornell University Press, Ithaca & London, 340 pp.

Gagné, R.J. (1994) The gall midges of the Neotropical Region. Cornell University Press, Ithaca & London, 352 pp.

Gagné, R.J. & Jaschhof, M. (2014) A catalog of the Cecidomyiidae (Diptera) of the world. 3" Edition. Digital Version 2. Available
from: https://www.ars.usda.gov/ARSUserFiles/80420580/Gagne 2014 World Cecidomyiidae Catalog 3rd Edition.pdf
(accessed 3 September 2017)

Galilei, G. (1610) Siderevs nvncivs: magna, longeqve admirabilia spectacula pandens, suspiciendaq ue proponens vnicuique,
praesertim vero philosophis, atq’astronomis, quae a Galileo Galileo ... perspicilli nuper a se reperti beneficio sunt
obseruata in Ivnae facie, fixis innvmeris, Lacteo Circvio, stellis nebvlosis, apprime vero in gvatvor planetis circa lovis
stellam disparibus interuallis, atque periodis, celeritate mirabili circumuolutis, quos, nemini in hanc vsque diem cognitos,
nouissimé author depraehendit primus, atque Medicea sidera nvncvpandos decrevit. Thomam Baglionum, Venice, 60 pp.

Gaston, K.J. (1991) The magnitude of global insect species richness. Conservation Biology, 5, 283-296.
https://doi.org/10.1111/j.1523-1739.1991.tb00140.x

Gaston, K.J. & Gauld, I.D. (1993) How many species of pimplines (Hymenoptera: Ichneumonidae) are there in Costa Rica?
Journal of Tropical Ecology, 9, 491-499.
https://doi.org/10.1017/S0266467400007550

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

Gerlach, J. (Ed.) (2009) The Diptera of the Seychelles Islands. Pensoft, Sofia-Moscow, 431 pp.

Germann, C., Pollet, M., Tanner, S., Backeljau, T. & Bernasconi, M.V. (2010) Legs of deception: disagreement between
molecular markers and morphology of long-legged flies (Diptera, Dolichopodidae). Journal of Zoological Systematics and
Evolutionary Research, 48, 238-247.
https://doi.org/10.1111/j.1439-0469.2009.00549.x

Grimaldi, D.A. (1987) Phylogenetics and taxonomy of Zygothrica (Diptera: Drosophilidae). Bulletin of the American Museum
of Natural History, 186, 103-268.

Grimaldi, D.A. (2016) Revision of the Drosophila bromeliae species group (Diptera: Drosophilidae): Central American,
Caribbean, and Andean species. American Museum Novitates, 3859, 1-55.
https://doi.org/10.1206/3859.1

Grimaldi, D.A. & Engel, M.S. (2005) Evolution of the insects. Cambridge University Press, New York, 772 pp.

Grimaldi, D.A. & Nguyen, T. (1999) Monograph on the spittlebug flies, genus Cladochaeta (Diptera: Drosophilidae:
Cladochaetini). Bulletin of the American Museum of Natural History, 241, 1-326.

Groombridge, B. & Jenkins, M.D. (2002) World atlas of biodiversity: earth’s living resources in the 2 1st Century. University of
California Press, Berkeley, Los Angeles, London, 364 pp.

Grootaert, P. (2009) Oriental Diptera, a challenge in diversity and taxonomy. /n: Pape, T., Bickel, D.J. & Meier, R. (Eds.),
Diptera diversity: status, challenges and tools. Brill, Leiden, pp. 196-226.
https://doi.org/10.1163/€j.9789004148970.1-459.35

Hamilton, A.J., Basset, Y., Benke, K.K., Grimbacher, P.S., Miller, S.E., Novotny, V., Samuelson, G.A., Stork, N.E., Weiblen,
G.D. & Yen, J.D.L. (2010) Quantifying uncertainty in estimation of tropical arthropod species richness. The American
Naturalist, 176, 90-95.
https://doi.org/10.1086/652998

Hammond, P.M. (1990) Insect abundance and diversity in the Dumoga-Bone National Park, North Sulawesi, with special
reference to the beetle fauna of lowland rainforest in the Toraut region. /n: Knight, W.J. & Holloway, J.D. (Eds.), Insects
and the Rain Forests of South East Asia (Wallacea). Royal Entomological Society of London, London, pp. 197-254.

Hammond, P.M. (1992) Uncharted realms of species richness. /n: Groombridge, B. (Ed.), Global biodiversity: status of the

REMARKABLE FLY DIVERSITY IN A COSTA RICAN CLOUD FOREST Zootaxa 4402 (1) © 2018 Magnolia Press - 85



Earth’s living resources. Chapman and Hall, London, Glasgow, New York, Tokyo, Melbourne & Madras, pp. 26-39.

Hammond, P.M. (1995) Described and estimated species numbers; an objective assessment of current knowledge. 7n: Allsopp,
D., Hawksworth, D.L. & Colwell, R.R. (Eds.), Microbial diversity and ecosystem function: proceedings of the IUBS/IUMS
Workshop held at Egham, UK, 10—13 August 1993 in support of the IUBS/UNESCO/SCOPE 'Diversitas’ programme. CAB
International, Wallingford, pp. 29-71.

Hanson, P.E. (1995) Sampling Costa Rican Hymenoptera. /n: Hanson, P.E. & Gauld, I.D. (Eds.), The Hymenoptera of Costa
Rica. Oxford University Press, Oxford, New York, Tokyo, pp. 10—13.

Harbach, R.E. (2016) Mosquito taxonomic inventory. Available from: http://mosquito-taxonomic-inventory.info (accessed 3
September 2017)

Harris, K.M. & van Harten, A. (2010) Order Diptera, family Cecidomyiidae. Galls induced by species of Actilasioptera Gagné
on leaves of grey mangrove, Avicennia marina. Arthropod fauna of the UAE, 3, 599-605.

Hartop, E.A. & Brown, B.V. (2014a) Seeing spots: Another distinct spotted wing species of Megaselia Rondani (Diptera:
Phoridae) from Costa Rican cloud forests. Studia dipterologica, 21, 181-185.

Hartop, E.A. & Brown, B.V. (2014b) Natural blondes: new species of brilliantly yellow-colored and morphologically distinct
Megaselia (Diptera: Phoridae) from Central America. Studia dipterologica, 21, 257-265.

Hartop, E.A. & Brown, B.V. (2014c) The tip of the iceberg: a distinctive new spotted-wing Megaselia species (Diptera:
Phoridae) from a tropical cloud forest survey and a new, streamlined method for Megaselia descriptions. Biodiversity Data
Journal, 2, €4093.
https://doi.org/10.3897/BDJ.2.e4093

Hebert, P.D.N., Ratnasingham, S., Zakharov, E.V., Telfer, A.C., Levesque-Beaudin, V., Milton, M.A., Pedersen, S., Jannetta, P.
& de Waard, J.R. (2016) Counting animal species with DNA barcodes: Canadian insects. Philosophical Transactions of
the Royal Society B, 371, 20150333.
https://doi.org/10.1098/rstb.2015.0333

Heller, K. & Rulik, B. (2016) Ctenosciara alexanderkoenigi sp. n. (Diptera: Sciaridae), an exotic invader in Germany?
Biodiversity Data Journal, 4, €6460.
https://doi.org/10.3897/BDJ.4.e6460

Hendrich, L., Moriniere, J., Haszprunar, G., Hebert, P.D.N., Hausmann, A., Kohler, F. & Balke, M. (2015) A comprehensive
DNA barcode database for Central European beetles with a focus on Germany: Adding more than 3500 identified species
in BOLD. Molecular Ecology Resources, 15, 795-818.
https://doi.org/10.1111/1755-0998.12354

Hennig, W. (1950) Grundziige einer Theorie der phylogenetischen Systematik. Deutscher Zentralverlag, Berlin, 370 pp.

Hennig, W. (1966) Phylogenetic systematics. Translated by Davis, D.D. & Zangerl, R. University of Illinois Press, Urbana,
Illinois, 280 pp.

Janzen, D.H., Hallwachs, W., Blandin, P., Burns, J.M., Cadiou, J.-M., Chacon, 1., Dapkey, T., Deans, A.R., Epstein, M.E.,
Espinoza, B., Franclemont, J.G., Haber, W.A., Hajibabaei, M., Hall, J.P.W., Hebert, P.D.N., Gauld, 1.D., Harvey, D.J.,
Hausmann, A., Kitching, I.J., Lafontaine, D., Landry, J.-F., Lemaire, C., Miller, J.Y., Miller, J.S., Miller, L., Miller, S.E.,
Montero, J., Munroe, E., Green, S.R., Ratnasingham, S., Rawlins, J.E., Robbins, R.K., Rodriguez, J.J., Rougerie, R.,
Sharkey, M.J., Smith, M.A., Solis, M.A., Sullivan, J.B., Thiaucourt, P., Wahl, D.B., Weller, S.J., Whitfield, J.B., Willmott,
K.R., Wood, D.M., Woodley, N.E. & Wilson, J.J. (2009) Integration of DNA barcoding into an ongoing inventory of
complex tropical biodiversity. Molecular Ecology Resources, 9 (Supplement 1), 1-26.
https://doi.org/10.1111/§.1755-0998.2009.02628.x

Jaschhof, M. (2010) Barcoding Fauna Bavarica aus der Sicht eines Gallmiicken-Taxonomen. Studia dipterologica, 17, 187—
193.

Jaschhof, M. (2014) A revision of the types of Neotropical Porricondylinae (Diptera: Cecidomyiidae). Zootaxa, 3779 (4), 463—
469.
https://doi.org/10.11646/zootaxa.3779.4.4

Jaschhof, M. (2016) A review of world Diallactiini (Diptera, Cecidomyiidae, Winnertziinae), with the description of six new
genera and seventeen new species. Zootaxa, 4127 (2), 201-244.
https://doi.org/10.11646/zootaxa.4127.2.1

Jaschhof, M. & Jaschhof, C. (2009) The wood midges (Diptera: Cecidomyiidae: Lestremiinae) of Fennoscandia and Denmark.
Studia dipterologica, 18 (Supplement), 1-333.

Jaschhof, M. & Jaschhof, C. (2011) Order Diptera, family Cecidomyiidae. Subfamilies Lestremiinae and Micromyinae.
Arthropod fauna of the UAE, 4, 654-683.

Jaschhof, M. & Jaschhof, C. (2013) The Porricondylinae (Diptera: Cecidomyiidae) of Sweden, with notes on extralimital
species. Studia dipterologica, 20 (Supplement), 1-392.

Jaschhof, M. & Jaschhof, C. (2014) Zadbimyia, a new genus of asynaptine Porricondylinae (Diptera: Cecidomyiidae) with
twenty-two new species from the cloud forest of Costa Rica. Zootaxa, 3866 (1), 1-29.
https://doi.org/10.11646/zootaxa.3866.1.1

Jiirgenstein, S., Kurina, O. & Pdldmaa, K. (2015) The Mycetophila ruficollis Meigen (Diptera, Mycetophilidae) group in
Europe: elucidating species delimitation with COI and ITS2 sequence data. ZooKeys, 508, 15-51.
https://doi.org/10.3897/zookeys.508.9814

86 - Zootaxa 4402 (1) © 2018 Magnolia Press BORKENT ET AL.



Kameneva, E.P., Korneyev, V.A. & Ramos-Pastrana, Y. (2017) A new genus, new species and new records of Ulidiidae
(Diptera: Tephritoidea) from Colombia. Vestnik Zoologii, 51 (2), 125-136.
https://doi.org/10.1515/vz00-2017-0018

Kehlmaier, C. & Assmann, T. (2008) The European species of Chalarus Walker, 1834 revisited (Diptera: Pipunculidae).
Zootaxa, 1936, 1-39.

Kekkonen, M. & Hebert, P.D.N. (2014) DNA barcode-based delineation of putative species: efficient start for taxonomic
workflows. Molecular Ecology Resources, 14, 706-715.
https://doi.org/10.1111/1755-0998.12233

Kitching, R.L., Bickel, D.J., Creagh, A.C., Hurley, K. & Symonds, C. (2004) The biodiversity of Diptera in Old World rain
forest surveys: a comparative faunistic analysis. Journal of Biogeography, 31, 1185—-1200.
https://doi.org/10.1111/j.1365-2699.2004.01096.x

Kitching, R.L., Bickel, D.J. & Boulter, S. (2005) Guild analyses of dipteran assemblages: A rationale and investigation of
seasonality and stratification in selected rainforest faunas. /n: Yeates, D.K. & Wiegmann, B.M. (Eds.), The evolutionary
biology of flies. Columbia University Press, New York, pp. 388—415.

Kits, J.H. (2015) A revision of Boreantrops Kits & Marshall (Diptera: Sphaeroceridae: Archiborborinae). Zootaxa, 3915 (3),
301-355.
https://doi.org/10.11646/zootaxa.3915.3.1

Kits, J.H. & Marshall, S.A. (2013) Generic classification of the Archiborborinae (Diptera: Sphaeroceridae), with a revision of
Antrops Enderlein, Coloantrops gen. nov., Maculantrops gen. nov., Photoantrops gen. nov., and Poecilantrops gen. nov.
Zootaxa, 3704 (1), 1-113.
https://doi.org/10.11646/zootaxa.3704.1.1

Kolbert, E. (2014) The sixth extinction: an unnatural history. Henry Holt and Company, New York, 336 pp.

Kvifte, GM., Andersen, T., Hagenlund, L.K. & Bello Gonzalez, O.C. (2016) Two new Neotropical species of Perithreticus
Vaillant 1973 (Diptera: Psychodidae, Psychodinae). Studies on Neotropical Fauna and Environment, 51, 121-127.
https://doi.org/10.1080/01650521.2016.1198579

Kvifte, GM., Curler, GR. & Marshall, S.A. (2018) Aquatic insects in the forest canopy: a new genus of moth flies (Diptera:
Psychodidae) developing in slime on aerial roots. Journal of Natural History, 52 (3—4), 137—153.
https://doi.org/10.1080/00222933.2017.1410590

Lambkin, C.L., Boulter, S.L., Starick, N.T., Cantrell, B.K., Bickel, D.J., Wright, S.G., Power, N., Schutze, M.K., Turco, F.,
Nakamura, A. & Burwell, C.J. (2011) Altitudinal and seasonal variation in the family-level assemblages of flies (Diptera)
in an Australian subtropical rainforest: one hundred thousand and counting! Memoirs of the Queensland Museum, 55, 313—
331.

Langor, D. (2015) The biota of Canada project—species richness of terrestrial arthropods in Canada. Newsletter of the
Biological Survey of Canada, 34, 9-10.

Larsen, B.B., Miller, E.C., Rhodes, M.K. & Wiens, J.J. (2017) Inordinate fondness multiplied and redistributed: the number of
species on Earth and the new pie of life. The Quarterly Review of Biology, 92, 229-265.
https://doi.org/10.1086/693564

Linnaeus, C. (1749) Amoenitates academicce, seu dissertationes varice physicce, medicce, botanicce antehac seorsim editce nunc
collectee et aucte cum tabulis ceneis. Vol. 1. Godofredum Kiesewetter, Stockholm and Leipzig, 563 pp.

Linnaeus, C. (1758) Systema naturce per regna tria naturce, secundum classes, ordines, genera, species, cum characteribus,
differentiis, synonymis, locis. Tomus I. 10" Edition. Laurentii Salvii, Stockholm, 824 pp.

Luk, S. & Marshall, S.A. (2014) A revision of the New World genus Aptilotella Duda (Sphaeroceridae: Limosininae). Zootaxa,
3761 (1), 1-156.
https://doi.org/10.11646/zootaxa.3761.1.1

Marshall, S.A. (2012) Flies: the natural history and diversity of Diptera. Firefly Books, Buffalo, New York and Richmond Hill,
Ontario, 616 pp.

Marshall, S.A. (2013) Bregmosina, a new Neotropical genus of Limosininae (Diptera: Sphaeroceridae). Zootaxa, 3641 (3),
260-270.
https://doi.org/10.11646/zootaxa.3641.3.5

Marshall, S.A. (2014) Albostyla, a new genus of Neotropical Limosininae (Diptera: Sphaeroceridae). Zootaxa, 3793 (2), 257—
264.
https://doi.org/10.11646/zootaxa.3793.2.5

Marshall, S.A. (2015) Mesoconius Enderlein (Diptera, Micropezidae, Taeniapterinae) of Central America. Zootaxa, 3914 (5),
525-540.
https://doi.org/10.11646/zootaxa.3914.5.2

Marshall, S.A., Rohacek, J., Dong, H. & Buck, M. (2011) The state of Sphaeroceridae (Diptera: Acalyptratae): a world catalog
update covering the years 20002010, with new generic synonymy, new combinations, and new distributions. Acta
Entomologica Musei Nationalis Pragae, 51,217-298.

Marske, K.A. & Ivie, M.A. (2003) Beetle fauna of the United States and Canada. The Coleopterists Bulletin, 57, 495-503.
https://doi.org/10.1649/663

Matthews, R.W. & Matthews, J.R. (1970) Malaise trap studies of flying insects in a New York mesic forest I. Ordinal

REMARKABLE FLY DIVERSITY IN A COSTA RICAN CLOUD FOREST Zootaxa 4402 (1) © 2018 Magnolia Press - 87



composition and seasonal abundance. Journal of the New York Entomological Society, 78, 52-59.

May, R.M. (1990) How many species? Philosophical Transactions of the Royal Society B, 330,293-304.
https://doi.org/10.1098/rstb.1990.0200

May, R.M. (2000) The dimensions of life on earth. /n: Raven, P.H. (Ed.), Nature and human society: the quest for a sustainable
world. National Academy Press, Washington, D.C., pp. 30-45.

McLean, 1. (2010) Trapping methods. /n: Chandler, P.J. (Ed.), 4 dipterist's handbook. 2" Edition. Amateur Entomologists’
Society, London, pp. 95-102.

Meier, R., Shiyang, K., Vaidya, G. & Ng, PX.L. (2006) DNA barcoding and taxonomy in Diptera: a tale of high intraspecific
variability and low identification success. Systematic Biology, 55, 715-728.
https://doi.org/10.1080/10635150600969864

Meier, R., Wong, W., Srivathsan, A. & Foo, M. (2016) $1 DNA barcodes for reconstructing complex phenomes and finding
rare species in specimen-rich samples. Cladistics, 32, 100—-110.
https://doi.org/10.1111/cla.12115

Michelsen, V. (2017) Tapantiomyia enigmatica, new genus and species proposed for a stilt-legged and otherwise bizarre
coenosiine fly (Diptera: Muscidae) from Costa Rica. Zootaxa, 4277 (4), 583-590.
https://doi.org/10.11646/zootaxa.4277.4.8

Missa, O., Basset, Y., Alonso, A., Miller, S.E., Curletti, G, De Meyer, M., Eardley, C., Mansell, M.W. & Wagner, T. (2009)
Monitoring arthropods in a tropical landscape: relative effects of sampling methods and habitat types on trap catches.
Journal of Insect Conservation, 13, 103—118.
https://doi.org/10.1007/s10841-007-9130-5

Mora, C., Tittensor, D.P., Adl, S., Simpson, A.G.B. & Worm, B. (2011) How many species are there on Earth and in the ocean?
PLOS Biology, 9, €1001127.
https://doi.org/10.1371/journal.pbio.1001127

Nielsen, E.S. & Mound, L.A. (2000) Global diversity of insects: the problems of estimating numbers. /n: Raven, PH. &
Williams, T. (Eds.), Nature and human society: the quest for a sustainable world. National Academy Press, Washington,
D.C., pp. 212-222.

Noyes, J.S. (2012) An inordinate fondness for beetles, but seemingly even more fond of Hymenoptera! Hamuli —Newsletter of
the International Society of Hymenopterists, 3, 5-8.

Odum, E.P. (1971) Fundamentals of ecology. 3" Edition. W.B. Saunders Company, Philadelphia, London, Toronto, 574 pp.

O'Hara, J.E. (2013) History of tachinid classification (Diptera, Tachinidae). ZooKeys, 316, 1-34.
https://doi.org/10.3897/zookeys.316.5132

Oosterbroek, P. (2017) Catalogue of the craneflies of the world (Diptera, Tipuloidea: Pediciidae, Limoniidae, Cylindrotomidae,
Tipulidae). Available from: http://ccw.naturalis.nl/index.php (accessed 3 September 2017)

Papp, L. (2013) The first record of the genus Paralimosina L. Papp (Diptera: Sphaeroceridae) in the Afrotropical Region, with
descriptions of six new species. African Invertebrates, 54, 315-333.
https://doi.org/10.5733/afin.054.0202

Pape, T. & Thompson, F.C. (Eds.) (2013) Systema Dipterorum, Version 1.5. Available from: http://www.diptera.org (accessed 3
September 2017)

Pape, T., Bickel, D.J. & Meier, R. (Eds.) (2009) Diptera diversity: status, challenges and tools. Brill, Leiden, 460 pp.

Petersen, F.T., Damgaard, J. & Meier, R. (2007) DNA taxonomy: how many DNA sequences are needed for solving a
taxonomic problem? The case of two parapatric species of louse flies (Diptera: Hippoboscidae: Ornithomya Latreille,
1802). Arthropod Systematics and Phylogeny, 65, 119—125.

Pimm, S.L., Russell, G.J., Gittleman, J.L. & Brooks, T.M. (1995) The future of biodiversity. Science, 269, 347-350.
https://doi.org/10.1126/science.269.5222.347

Ratnasingham, S. & Hebert, P.D.N. (2013) A DNA-based registry for all animal species: the Barcode Index Number (BIN)
system. PLoS ONE, 8, e66213.
https://doi.org/10.1371/journal.pone.0066213

Raven, P.H. & Yeates, D.K. (2007) Australian biodiversity: threats for the present, opportunities for the future. Australian
Journal of Entomology, 46, 177-187.
https://doi.org/10.1111/j.1440-6055.2007.00601.x

Ries, L., Fletcher, R.J. Jr., Battin, J. & Sisk, T.D. (2004) Ecological responses to habitat edges: mechanisms, models, and
variability explained. Annual Review of Ecology, Evolution and Systematics, 35, 491-522.
https://doi.org/10.1146/annurev.ecolsys.35.112202.130148

Robinson, H. (1969) A monographic study of the Mexican species of Enlinia (Diptera: Dolichopodidae). Smithsonian
Contributions to Zoology, 25, 1-62.
https://doi.org/10.5479/si.00810282.25

Rohacek, J. & Barber, K.N. (2009) New reduced-winged species of Mumetopia Melander, with analysis of the relationships of
this genus, Chamaebosca Speiser and allied genera (Diptera: Anthomyzidae). Acta Societatis Zoologicae Bohemicae, 72,
191-215. [2008]

Rochefort, S., Giroux, M., Savage, J. & Wheeler, T.A. (2015) Key to forensically important Piophilidae (Diptera) in the
Nearctic Region. Canadian Journal of Arthropod Identification, 27, 1-37.

88 - Zootaxa 4402 (1) © 2018 Magnolia Press BORKENT ET AL.



https://doi.org/10.3752/cjai.2015.27.

Rung, A. & Mathis, W.N. (2011) A revision of the genus Aulacigaster Macquart (Diptera, Aulacigastridae). Smithsonian
Contributions to Zoology, 633, 1-132.
https://doi.org/10.5479/si.00810282.633

Salmela, J., Kaunisto, K. & Vahtera, V. (2014) Unveiling of a cryptic Dicranomyia (Idiopyga) from northern Finland using
integrative approach (Diptera, Limoniidae). Biodiversity Data Journal, 2, €4238.
https://doi.org/10.3897/BDJ.2.e4238.

Santarém, M.C.A., Borkent, A., Spinelli, GR. & Felippe-Bauer, M.L. (2018) New Neotropical species of Downeshelea Wirth
and Grogan and redescription of D. multilineata (Lutz) (Diptera: Ceratopogonidae). Journal of Natural History. [in press]

Scherber, C., Vockenhuber, E.A., Stark, A., Meyer, H. & Tscharntke, T. (2014) Effects of tree and herb biodiversity on Diptera,
a hyperdiverse insect order. Oecologia, 174, 1387—-1400.
https://doi.org/10.1007/s00442-013-2865-7

Sinclair, B.J. (2009) Dipteran biodiversity of the Galapagos. In: Pape, T., Bickel, D.J. & Meier, R. (Eds.), Diptera diversity:
status, challenges and tools. Brill, Leiden, pp. 97-118.
https://doi.org/10.1163/€j.9789004148970.1-459.21

Sinclair, B.J. & Cumming, J.M. (2006) The morphology, higher-level phylogeny and classification of the Empidoidea
(Diptera). Zootaxa 1180, 1-172.

Smith, M.A., Woodley, N.E., Janzen, D.H., Hallwachs, W. & Hebert, P.D.N. (2006) DNA barcodes reveal cryptic host-
specificity within the presumed polyphagous members of a genus of parasitoid flies (Diptera: Tachinidae). Proceedings of
the National Academy of Sciences of the United States of America, 103, 3657-3662.
https://doi.org/10.1073/pnas.0511318103

Smith, M.A., Wood, D.M., Janzen, D.H., Hallwachs, W. & Hebert, PD.N. (2007) DNA barcodes affirm that 16 species of
apparently generalist tropical parasitoid flies (Diptera, Tachinidae) are not all generalists. Proceedings of the National
Academy of Sciences of the United States of America, 104, 4967-4972.
https://doi.org/10.1073/pnas.0700050104

Smith, M.A., Rodriguez, J.J., Whitfield, J.B., Deans, A.R., Janzen, D.H., Hallwachs, W. & Hebert, P.D.N. (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 of the United States of America, 105, 12359-12364.
https://doi.org/10.1073/pnas.0805319105

Smith, T.J. & Mayfield, M.M. (2015) Diptera species and functional diversity across tropical Australian countryside
landscapes. Biological Conservation, 191, 436—443.
https://doi.org/10.1016/j.biocon.2015.07.035

Stéhls, G. & Haarto, A. (2014) When mtDNA COI is misleading: congruent signal of ITS2 molecular marker and morphology
for North European Melanostoma Schiner, 1860 (Diptera, Syrphidae). ZooKeys, 431, 93—134.
https://doi.org/10.3897/zookeys.431.7207

Stork, N.E. (1991) The composition of the arthropod fauna of Bornean lowland rain forest trees. Journal of Tropical Ecology, 7,
161-180.
https://doi.org/10.1017/S0266467400005319

Stork, N.E. (2018) How many species of insects and other terrestrial arthropods are there on Earth? Annual Review of
Entomology, 63, 31-45.
https://doi.org/10.1146/annurev-ento-020117-043348

Stork, N.E. & Gaston, K.J. (1990) Counting species one by one. New Scientist, 1729, 43—47.

Stork, N.E., McBrooma, J., Gelyb, C. & Hamilton, A.J. (2015) New approaches narrow global species estimates for beetles,
insects, and terrestrial arthropods. Proceedings of the National Academy of Sciences of the United States of America, 112,
7519-7523. https://doi.org/10.1073/pnas.1502408112

Stur, E. & Borkent, A. (2014) When DNA barcoding and morphology mesh: Ceratopogonidae diversity in Finnmark, Norway.
Zookeys, 463, 95-131.
https://doi.org/10.3897/zookeys.463.7964

Stur, E. & Ekrem, T. (2015) A review of Norwegian Gymnometriocnemus (Diptera, Chironomidae) including the description of
two new species and a new name for Gymnometriocnemus volitans (Goetghebuer) sensu Brundin. ZooKeys, 508, 127-142.
https://doi.org/10.3897/zookeys.508.9874

Swann, J. (2016) Family Milichiidae. /n: Wolff, M., Nihei, S.S. & De Carvalho, C.J.B. (Eds.), Catalogue of Diptera of
Colombia. Zootaxa, 4122 (1), 708-715.
https://doi.org/10.11646/zootaxa.4122.1.61

Thompson, F.C. & Pape, T. (2016) Sherborn’s influence on Systema Dipterorum. ZooKeys, 550, 135—-152.
https://doi.org/10.3897/zookeys.550.9447

van Harten, A. (2008) Collecting methods and localities. Arthropod fauna of the UAE, 1, 14-32.

Wheeler, Q.E. (1995) Systematics, the scientific basis for inventories of biodiversity. Biodiversity and Conservation, 4, 476—
489.
https://doi.org/10.1007/BF00056338

Wiens, J.J. (2016) Climate-related local extinctions are already widespread among plant and animals species. PLoS Biology, 14

REMARKABLE FLY DIVERSITY IN A COSTA RICAN CLOUD FOREST Zootaxa 4402 (1) © 2018 Magnolia Press - 89



(12), €2001104.
https://doi.org/10.1371/journal.pbio.2001104

Willassen, E. (2005) New species of Diamesa (Diptera: Chironomidae) from Tibet: conspecific males and females associated
with mitochondrial DNA. Zootaxa, 1049 (1), 19-32.

Wolff, M., Nihei, S.S. & De Carvalho, C.J.B. (2016) Catalogue of Diptera of Colombia. Zootaxa, 4122 (1), 1-949.
https://doi.org/10.11646/zootaxa.4122.1.1

Wolters, V., Bengtsson, J. & Zaitsev, A.S. (2006) Relationship among the species richness of different taxa. Ecology, 87, 1886—
1895.
https://doi.org/10.1890/0012-9658(2006)87[1886:ratsro]2.0.co;2

Wong, W.H., Tay, Y.C., Puniamoorthy, J., Balke, M., Cranston, P.S. & Meier, R. (2014) ‘Direct PCR’ optimization yields a
rapid, cost-effective, nondestructive and efficient method for obtaining DNA barcodes without DNA extraction. Molecular
Ecology Resources, 14, 1271-1280.
https://doi.org/10.1111/1755-0998.12275

Wood, D.M. & Zumbado, M.A. (2011) Tachinidae (Tachinid flies, parasitic flies). /n: Brown, B.V., Borkent, A., Cumming,
JM., Wood, D.M., Woodley, N.E. & Zumbado, M.A. (Eds.), Manual of Central American Diptera. Vol. 2. National
Research Council Press, Ottawa, pp. 1343—1417.

Yeates, D.K. & Wiegmann, B.M. (Eds.) (2005) The evolutionary biology of flies. Columbia University Press, New York, 440
pp.

Yu, D.W,, Ji, Y., Emerson, B.C., Wang, X., Ye, C., Yang, C. & Ding, Z. (2012) Biodiversity soup: metabarcoding of arthropods
for rapid biodiversity assessment and biomonitoring. Methods in Ecology and Evolution, 3, 613—623.
https://doi.org/10.1111/1.2041-210X.2012.00198.x

Zahari, R., Lafontaine, D., Schmidt, C., Zakharov, E. & Hebert, PD.N. (2014) A transcontinental challenge—A test of DNA
barcode performance for 1541 species of Canadian Noctuoidea (Lepidoptera). PLoS ONE, 9, €92797.
https://doi.org/10.1371/journal.pone.0092797

Zhang, Z.-Q. (2011a) Animal biodiversity: an introduction to higher-level classification and taxonomic richness. Zootaxa,
3148, 7-12.

Zhang, Z.-Q. (2011b) Phylum Arthropoda von Siebold, 1848. /n: Zhang, Z.-Q. (Ed.), Animal biodiversity: an outline of higher-
level classification and survey of taxonomic richness. Zootaxa, 3148, 99—103.

90 - Zootaxa 4402 (1) © 2018 Magnolia Press BORKENT ET AL.


https://doi.org/10.1890/0012-9658(2006)87[1886:ratsro]2.0.co;2
https://doi.org/10.1890/0012-9658(2006)87[1886:ratsro]2.0.co;2

	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


