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SUMMARY

A guestion of global importance is if, and how fasécosystems can naturally recover to regain
their previous biodiversity and ecosystem functions Given the decreaseof old-growth forest
cover in tropical landscapes, previously disturbed forest@and their ability to recover are gaining
importance. This is especially relevant for biodiversity hotspots, which are areas withmany
endemic species under severe threat through human activitieslowever, current knowledge on
the recovery potential and underlying processes is limited, especially for animal&nts constitute
one of the most abundant insects in tropical ecosystems and are of paramount impance for

ecosystem functioning, making them ideal indicators for disturbance and recovery processes.

In my thesis, Itherefore investigated the recovery of ant cormunities in the Ecuadorian Chocd,
which is part of the TumbesChocéMagdalena biodiversity hotspot By using a chronosequence
approach spanning 0z 34 years of recovery | explored the recovery ofant communities after
forest clearance for agriculture andif legacy effects from past landise (cacao plantations and
pastures) affect the recoveryln my first study, | found that ant communities recoverquickly in
approximately less than four decades, with former cacao plantations having a slight advantage

over former pastures.

My second studyis devoted to stratification patterns during recovery, & stratification strongly
affects insect communities and abundance For instance, ant communities in the leaf litter
constitute different sets of species than those on tree trunks. However, the rolef such
stratification patterns during recovery is barely known.| sampled ants in three strata (ground,
leaf litter, lower tree trunk) and assembled a comprehensive dataset with a total of 183
assemblages (three strata in 61 plots, comprising 283 specied) AOOAOOAA OEA Al 006
composition, 13 morphological traits (measured from over 600 specimens), and functional and
phylogenetic diversity to compare their recovery trajectories. My results supported the
EUDI OEAOE O réassamblyi®igfldendedbPréddvery age andmost importantly, differs
among strata.

By providing a curated ant collection of the Choc6 region, my research represents a valuable
resource for future work of this underexplored region.The collecting effort resulted in the
description of two new trap-jaw ant species Odontomachus davidson{third study) and
Strumigenys ayersthey(fourth study). These speciesare morphologically outstanding, and
possibly endemic to the Chocd. The discovery of neagnspicuousspecieshighlightsthe biological
relevance of the Chocd as threatened biodiversity hotspot. Most importantly, my study

demonstrated that the smallscale agricultural areas in the region have high recovery potential,



suggesting that conservatiormeasuresin the area have good chances to succeéd preserving

biodiversity .

ZUSAMMENFASSUNG

Es istvon globaler Bedeutung vie schnell sich Okosysteme nach einer Stérung regenerieren
und dabei ihre vorige Biodiversitat und Okosystemfunktionenerreichen. Angesichts der stetiga
Abnahme von Primarvaldflachen in tropischen Landschaften #eigt die Bedeutung des
Regenerationspotenzial vondegradierten Habitaten.Besonderswichtig ist dies flr sogenannte
Biodiversitats-Hotspots, also Regionen mit hohen Vorkommen an endemischen Arten die

gleichzeitig in ihrer Existenz durch menschliche Habitatdegeneration bedroht sind.

In dieser Dissertation untersuche ich daher die Regeneratiosprozesse von
Ameisengemeinschaften imecuadorianischenChocqg welcher zu demTumbes-ChocéMagdalena
Biodiversitats-Hotspot gehért Ameisen gehdren zu den haufigsten Insekten in tropischen
Habitaten, und erfiillen eine Vielzahl von unersetzlichen Okosystemfunktionen. Diesacht sie
daher zu idealen Indikatoren fir Stérungs und Regenerationsprozessen. Um die
Ameisenregeneration zu erforschen, nut ich in meiner ersten Studie eine Chronoseguenz
welche 0 z 34 Jahre von natirlicher Regeneration abdekt, und betrachte wie schnell die
Ameisengemeinschafterdas Primarwaldniveau erreichenund ob die ehemalige Landnutzunguf
diesen Flachen Kakaoplantagen und Weiden) eine Rolle in ihrer Regeneiah spielt. Tatsachlich
zeige ich dass die Ameisemelativ schnell in weniger als 4 Jahrzehnten das Prim&rwaldniveau

erreichten, wobeiehemalige Kakaoplantagen tedenziell schneller sind als Weiden

Meine zweite Studiewidmet sich der Stratifizierung wéhrend der RegenerationStratifizierung
hat grof3en Einfluss auf Insektengemeinschaften: In der Streuschicht des Waldes leben
beispielsweise andere Ameisenartenals auf Baumstammen. Kerdings ist nur wenig bekannt,
welche Rolle diese Stratifizierung in der Regenerationspielt. Ich sammelte daher Ameisen aus
drei unterschichtlichen Strata (Boden, Streuschicht, unterer Baumstamm), undtellte ein
umfassendes Datenset mit 183 Ameisengemeinschafterzusammen (drei Strata in 61 Plots,
ingesamt 283 Arten). Dabei wurde die Artkomposition, 13 morphologische Eigenschaften
(gemessen aniber 600 Individuen) und funktionelle und phylogenetische Diversitat der Ameisen
erfasst, und anschlieBend ihe Regenerationsdynamiken betrachtet. Meine Ergebnisse
unterstitzen die Hypothesedassdie Regeneration der Ameisengemeinscha#h sowohl durch das

Regenerationsalter als auch durch die Stratifizierung beeinflusst wird.



Meine Arbeitstellt eine wichtige Ressource fiir kiinftige Forschungsarbeitedar, da zusatzlich
Zu meinen guantitativen Forschungsarbeiten einékurierte Ameisensammlung der bislang nur
wenig erforschten ChocéRegion aufgebautwurde. Dies fihrte auch zu der Entdeckung und
Beschreibung von zwei neuen Schnappkieferameisenamn, Odontomachus avidsoni (dritte
Studie) und Strumigenys ayersthey(vierte Studie). Die neuen Arten sind morphologisch
auBergewohnlich, und wahrscheinlich endemisch im Chocies zeigt die Relevanz unddas
Potenzial des Choco alBiodiversitats-Hotspot. Die bedeutendsteErkenntnis meiner Forschung
ist, dass die kleinen, lokalen Agrikulturflachen ein hohes Regenerationspotenzial besitzemd
damit UmweltschutzmalRnahmenin der Region gute Chancen auf Erfolg in der Erhaltunder

Biodiversitat besitzen.



1 GENERAINTRODUCTND

More than two centuries afterthe first pioneering research of explorers such as Alexander von
Humboldt and Charles Darwin%A OAAT 08 O OO1 PEAAIT  Qrdé&dxpiired AOO O
popular perception, Ecuador is the epitome of a pristinglace, inspiration to some of the most
important biological theories such as evolution(Darwin 1872). While it is true that Ecuador hosts
some of the most impressive biodiversity on earth, it is unfortunately also threatened by human
activities (Dinerstein 1995). Surveying the speciesrich insectcommunities of tropical forestswill
remain a scientific challenge for many decades, if not centuries, of human discoverps
deforestation takes heavy tolls, time runs out, as more and more species face threatexifnction

even before being discovered.

Since early ages of exploration, biological research haxpanded from merely describing
species to seeking an understanding dfow an ecosystentanhostso manyspecies and howthese
species are assembled into sl complex tropical communities A central aim of ecology isto
extract the underlying rulesthat lead to this assemblyThe complexity and diversity of a tropical
ecosystem drives curiosity, but also poses a challenge: it is necessary to break the compiestem
into many smaller components, which finally come together to produce a coherent picturés
tropical rainforests are facing largescale environmental threats, faunistic and ecological
knowledge on the capability of forest regeneration, including th reassembling process of species
communities after disturbance (e.g., logging) is more important than eveKnowledge on the
generally applicable rules of species assembig a central theme for ecological theory and can
inform conservation measures.Gaining a better knowledge of the recovery potential of tropical
forests is crucial for future conservation management and it thus an aspect that will define the

future of human land-use.

In this thesis, | hope to contribute to the understandingf a small but vital part of any tropical
ecosystem- the ant fauna. Ants areamong themost abundantanimalsin tropical ecosystems, and
no tropical research would be exhaustive without considering themln the present thesis, |
studied the communities ofants in an Ecuadorian rainforestto better understand how tropical
ecosystems reassemble after dsturbance, and how long the process takedMy efforts also
resulted in an extensiveresearch collection of the local an fauna, including the discovery of

severalnew endemicspecies, two of which | will describehere.

OAI



1.1 FOREST RECOVERY fREASSEMBL

A main aspect of my PhD thesis was to investigate the recovery and reassembly process of
tropical forests after disturbance. Tropical forests host a large part of global biodiversity.
However, many tropical regions experience unsustainableates of deforedation, and natural
landscapes are in declindHansen et al. 2013, Potapov et al. 2017, Curtis et al. 2018) recent
years there have been several countering trends, driven by both an increased protection of the
remaining habitats as well as an increasen urbanization coupled with rural exodus. Former
agricultural areas and other disturbed forestsare now on their path to recover and these areas
now represent one the most common type of foresglobally (Chazdon 2003, Benayas et al. 2007,
Meli et al. 2017). The future of recovering forests will define the success of conservation measures,
climate mitigation and the global effort to preserve biodiversity(Curran et al. 2014, Crouzeilles et
al. 2016, Lennox et al. 2018, Chazdon et al. 202B)ow well the recovering forests act as carbon
stocks or habitats for threatened species is much debated, and effective policy decisions rely on
OAEAT OEEZEA Al 1T OAT 606068 /1 1T A EATAh O1T AEOOOOAAA
as many organisms struggle taurvive within disturbed areas, giving relatively less conservation
value to disturbed forests(Gibson et al. 2011) On the other hand, disturbed forests can host an
impressive reservoir of animal and plant speciefChazdon et al. 2009)Further, if leftundisturbed
for long enough,disturbed forest habitats may eventually converge and host the same complex
tropical diversity AO OP OE | A OnkdduratitnCoh i frécess is however, unclear.
Estimations of recovery timeto reach the prior old-growth state canspanfrom hundred years to
thousands, depending on the surrounding landscape and prior landise, among other factors
(Gibson et al. 2011, Curran et al. 2014, Lennox et al. 2018)

Humans have shaped forest ecosysters, such as the Amazon rainforestsince thousands of
years, which is still visible in vegetation structure today Chazdon 2014 Maezumi et al. 2018).
Similarly, the recent human footprint of modern times is, andwill be for a long time, visible in
recovering forests, where remnants of our past laneuse is shaping forest structure and
potentially influence the recovery (Pascarella et al. 2000, Bowen et al. 2007, Meli et al. 2017,
Chazdon et al. 2020)

Conservation goalshould not only include protection ofthe habitat, butaccommodate forthe
needs ofhumans, with potentially sustainable use of the ecosystenfChazdon et al. 2020) The
extent and typeof land-use determines forest recovery times, which can substantially vary from
one place to anotherCrouzeiles et al. 2016, Chazdon et al. 202(0ence, studies addressing the
recovery time in specific geographic areas are important to assess the recovery potential of locally

occurring forest landscapes

10



The forest recovery process can be divided into variousub-processes. For instance, ecologists
I £FOAT AEAEEAOAT OEAOA redishafce Anflilits rdsiliencAlA Ehort) e@€isfahcé O
describes the disturbance conditions relative to olegrowth forest and resilience the rate of
recovery relative to its loss.(Pimm 1984, Pimm et al. 2019)A forest with a high resistance can
sustain high levels of biodiversity during(e.g. humaninduced) disturbance, such as implementing
agriculture. A forest with high resilience might have lower levels of biodiversity during human
disturbance, but as soon as this disturbance ends, it quickly regains its former level. A forest that

is neither resilient nor resistant will inevitable succumb to disturbance.

In my present thesis, | evaluated the resistance and resilience of a tropical rainforest in a
biodiversity hotspot - the Ecuadorian Chocd, a region under heawuman land-use pressure.
Within this context, | also compared different strata in their recovery trajectory to gain a more
complete picture of the recovery process. Forests are complex, thremensional habitats, with
profoundly different animal communities along their vertical spatial configuration (Schulze et al.
2001, Fermon et al. 2005, Basset et al. 201%ach of the strata along this axis potentialljollows
a distinct recovery trajectory. Subsequently, some strata are more likely to be threatened or

slower in the recoveryprocess than others(Whitworth et al. 2016, 2019).

Secies in local communities do notrepresent a random subsetof species froma larger
regional species pool but are the result of aelection processin the present thesis, therecovery
axis (through time) and horizontal axis (through space, i.e., different forest strata) can be
interpreted as selective filters on the local species poolThis selection process ialso known as
environmental filtering (in the widest sense;Kraft et al. 2015, Cadotte and Tucker 2017)he
filtering of each specieds based onecologically relevant attributes, so-called functional traits
(Kraft et al. 2015, Wong et al. 2019)Thus, the incorporation of functional traits allows for a better
understanding of filtering processesacross different sets of species (le Bello et al. 2021).
Functional traits represent attributes that are connected to specific behaviors or that characterize
the ecological role of a species. Fanstance, eye size is associated with a more subterranean
lifestyle in ants, so if it decreases along the chronosequence, light availabiligythe environmental
filter . While environmental filters have been extensivelystudied, to the best of my knowledge
nothing is known about possible interactions between functional filters and recovery processes.
For instance, its possible that each functional trait is straturspecifically filtered during forest

recovery.
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1.2 SruDY SITEEHOCOAN ECOSYSTEM UNDER THREAT

0

— 2. C D NANDF ba-oa-

Fig. 1.1 Truck loaded with freshly logged tree stems crossing the Rio Canandé. The wood is

harvested from selectively logged areas around thgtudy area

My researchtook place in Ecuador, whichbelongs to the most speciesich countries in the
world . Thecountry, despite its moderate sizeishometo a large variety of endemic specie@vyers
et al. 2000, Jenkins et al. 2013Yhe high levels of ende EOI AOA AAOOAA AU OEA A
habitats, which encompasses two of the worlsimost speciesrich rainforest biomes, the Amazon
and the Chocd, which are divided by the Andes. However, while the Amazon traditionally received

a lot of scientific attention, the Chocé has almost been neglected

The study site is in the lowland Chocé (150- 650 m. as.l.), which is an evergreen tropical
rainforest in the North-Westof Ecuador. It B characterized by high precipitation (at the study site:
2095 mm), which fades away into the dry forests of the Tumbes taavds the South. In the West,
it stretches to the Pacific Oceans, spawning considerable mangrove growth. Towards the East, it
creeps up the Andes, encompassing cloud forests reaching heights above 30@fers in altitude.
Towards the North, it continues thiough Colombia, connecting to the Choebarién-Magdalena
tropical moist rainforest areas that eventually connect to the Panamanian Darien Gap to the
Mesoamerican forest biomeThis influences its fauna and flora, which overall has more species

overlap with Mesoamerican forests than for example the geographically closer Amazon.

Throughout its range, the Chocé is severely altered by human influence, mainly through
logging, mining and diverse forms of agriculture such as oil palm and cattle ranchd&ig 1.1,
Critical Ecosystem Partnership Fund 200%. The loss of old-growth rainforest is not equally

12



distributed among its range, and while the Northern Colombian parts remain largely intacthe
southern tip of the Choco has been subjected to heavy deforestatidfere, only 2% of the former
forested area consist®f undisturbed old-growth forest, and its lowlandparts aremost vulnerable

becausealmostno national parks provide protection (Critical Ecosystem Partnership Fund 200b

What happens to the Chocé in theoming decade will determine the survival of many endemic
species. Protection of the remainingropical rainforest fragments alone might be insufficient, as
there is not much oldgrowth forest area left. The remaining forests are fragmented and could
potentially suffer from a process called ecosystem decgyin which isolated fragments are no
longer able to sustain a high level of biodiversitfLaurance et al 2002). A viable option is to
incorporate regenerating agriculture areas, connecting otherwise isolated forest fragments.
Further, the agricultural patches themselves have potential to become oelgrowth forests if given
enough time. Hence, knowledge abouhe speed and efficiency of forest recovery in former
agricultural areas is central in the understanding ofhreatened areadlike the Chocd. In my thesis,
| explored the forest recovery of two locally common landise typesz i.e. cacao plantations and
livestock pastures. My study design is based on a chronosequence, i.e. a sphmetime
replacement which allows studying recovery dynamics without actually observing longterm
changes.My colleagues and kelected veral patches of former agricultural landof different
recovery ageswhich were then stitched together in the data analysisto represent a timeline.
While chronosequence approaches have known limitations, they provide feamework to study

forest recovery in a feasible period of time (Johnson andiyanishi 2008, Walker et al. 2010)

Two reserves within the Chocbarea were surveyed inmy thesis, the Reserva Rio Canandé
(0.5263 N,-79.2129 B and the adjacent 'Tesoro Escondidq0.54111 N,-79.14361 E). They are
managed by the NGQJocotoco', which purchased them from a mixture of former smallholder
farms and forests. Therefore, the reserves andigounding areas constitute a mosaic landscape
of old-growth rainforests, selectively logged forests(Fig. 1), recovering seconday forests on
former pastures or cacao plantations and currently used pastures and cacao plantation§ his
landscape configuration makes the reserve and surrounding area ideal for the study of recovery

dynamics, which I will outline in more detail in the coming chpter.

1.3 ANT ECOLOGY AND TAXONOMY

The biodiversity inventory and the rainforest recovery study presented in the present thesis
were based on a survey of the local ant communities. Anése not just outstanding organisms

because oftheir social nature and exceptional morphology, butalso constitute one of the most

13



abundant groups of terrestrial insects andare thus key elements of almost every terrestrial

ecosystem(Lach et al. 2010)

The first ants evolved more than 100 mya years ago andn contrast to their present
abundance,were rare insects(Barden 2017). However, since theend of the Cretaceous (ca. 60
mya), a period where angiosperm forests started to dominatents became ecologically dominant
and now constitute approximately 60% the total insect abundance in tropical ecosysteniBarden
2017). Their life is not confined to the ground, but theylive everywhere from deeper soils up to
the highest canopies making them ideal for the study of community stratification(Klimes et al.
2012, Basset et al. 2015, Wong and Guénard 202@urther, ants occupy a vast range of trophic
levels, ranging fromherbivorous diet up to top predators (Lach et al. 2010) Due to their social
nature, they are capable of subduing preys many timesarger than themselves, and their
interactions with other organisms significantly influence whole ecosystems. For instancéhe
Neotropical army ant Eciton burchelliiis a keystone species in tropical rainforests (Gotwald Jr
1995). The massiveswarm raids of this speciesfeast on a large range of different arthropogbrey
(Kaspari et al. 2011, Hoenle et al. 2019Besides its key role as arthropod predatork. burchellii
colonies also attracts over a hundred of different animal species ranging from army anirdbs to

symbiotic mites (Rettenmeyer et al. 2011, von Beeren et al. 2021)

The recovery of forests and that of ants is strongly intertwined, resulting in complex
interdependent relationships. This is apparent, for instance, during the early succession in
EAOAAT 08 O Adbpiakieds /@ @iedof the most important successional plants,
dominating typical plant communities early in succession and providing various animals with
nutrition -rich fruits (Longino 1989, Chazdon 2014)n most of the trees live symbioticAztecaants,
which fend off herbivores and, in turn, are provided with shelter and food by the treéFig. 12,
Longino 1989, 2007)

Ants are found from agricultural areas to oldgrowth forests, dnce they are adapéd to many
different environmental conditions (Lach et al. 2010) The communities however, often differ
strikingly : Humanmodified landscapes harbor different sets of species than nearby elytowth
forests (Dunn 2004, Gomes et al. 2014, Hethcoat et al. 2019nt species turnover istherefore
prominent along recovery gradients, making them ideal indicator taxao study recovery
processeqAlonso and Agosti 2000, Schmidt et al. 2013, Tiede et al. 201HApwever, there are still
large gaps in the understanding ont community turnover in recovering forests. Research is
sparse and often suffers from low replication (Bowen et al. 2007Estimations of community
recovery time are uncommon, andorevious studies found that ants had not reached oldrowth
species diversty levels after more than 50years (Brazil Atlantic rainforest Bihn et al. 2008,

2010). Notably, Dunn (2004) estimates that the recovery to reach ant species richness of eld

14



growth forests alone takes approximately 2040 years, and recovery of species communties are
expected to take even longefrurther, the effecs of prior land-use arebarely known (Debinski et
al. 2011).

Fig. 1.2 When disturbed, Aztecaants hurringly leave their nest in their living Cecropiaplant,

ready to attack any intruder.

In this thesis, | investigated the process of forest recovery by not only considering species
richness and community composition, but also by applying a traibased approach, wtih allows
untangling filter mechanismsmore directly. For ants, an exhaustive traidatabase is publicly
available (Bishop et al. 2016, Parr et al. 2017, Gibb et al. 2018). Still, the functional reassembly of
ants is poorly understood and existing studies are limited to a few region®.g., Bim et al. 2010,

Gibb and Cunningham 2013 ) OEAOA & OA AOOAOOAA OEA A1 006
land-use legacies, as well as across three forest strata.

Studying the recovery potential of these tropical rainforests entailed that | collectechany
thousands of ant specimens that needed to be identified, best to the species le@glecieslevel
knowledge is of paramount importancein ecological studies becausewithout this knowledge,

studiesare neither replicable nor comparable, and biodiversy conservation is severely impaired
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(Wilson 2017). As a topical ecosystem the current study wasparticularly challengng, asthe
Choc6 encompasses an enourmous and pooityiown species diversity.Ecologicalinvestigations
inevitably lead to the discovey of previously unknown species, and taxonomic followup studies

are needed.

In the Neotropics, ants belong to the taxa with reasonably good species level knowledge
(Fernandez et al. 2019) Nonetheless, many species groups remain to be resolvetihe ant
diversity of Ecuador isconsiderable with currently 783 species recoded (Guenard et al. 2017),
many of which are endemic (Salazar et al. 2015). Howeveiyven the lack of larger inventories,
this number is likely to be a large underestimate, especially fahe Chocd. From all ant records
combined, only about 10% are from the Coastal region (which includes the Chocd), while 70% are
from the Amazon (Salazar et al. 2015)Vhile the Amazonian parts of Ecuador were subjected to
at least a fewecologicalant studies (e.gWilkie et al. 2009, 2010) the antfauna of lowland Chocé
remained mostly unstudied (Salazar et al. 2015However, higher elevation ranges of the Chocé
have received scientific exploration foremostin the Ocosingo reservéDonosoand Ramon 2009,
Donoso 2017) Most importantly, this includesone of the only longterm studies ontropical ant
communities (Donoso 2017). Thus, our study in the Chocé adds important knowledge on the ant
distribution of Ecuador, resulting in both new spetes records for the country and also in species

completely unknown to science.

Indeed, | described two new ant species from the Chocé as part of this thesis. Both species seem
to be endemic and thus under threat of extinction. Both belong to the morpholaglly unusual
group of trap-jaw ants. Trapjaws are spring-loaded mandibular systems, akin to a mousetrap,
that can close with enormous speed (Gronenberg et al. 1993, Gronenberg 1996). The ants use
them to capture swiftly moving prey such as springtails, meven for selfdefense purposes. Trap
jaws convergently evolved many times among ants (Ward et al. 2015, Booher et al. 2021), and the
two discovered species are unrelated members of the genef@dontomachusand Strumigenys
Odontomachusnts are relativelylarge and conspicuous. Since the end of the 70ies no new species
were discovered in the genus in South America, which makes this species a rather spectacular new
addition to the Ecuadorian ant fauna (Hoenle et al. 2020). Together with the expert Doug Beoh
| described an unusual species oStrumigenys(Booher and Hoenle 2021). Detecting a new
Strumigenysspecies is not surprising to a myrmecologist, as there are 854 species described
globally, and since there is already a long list of endemi8trumigenysknown from Ecuador
(Salazar et al. 2015). However, its morphology is unique and an outlier amongst hundreds of other
Strumigenysspecies which led us to erect a new subgenus. Its description has a special focus on
its odd-looking mandibular morphology that is involved in the trapjaw functioning (Booher and
Hoenle 2021).
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1.4 STRUCTURE OF THE THESIS

My PhD thesisis divided in six chapters, where the first chapter servedas general introduction
andthe last chapter as a general discussiorEach of thechapters two to five representscientific

publications or manuscripts to be published:

My second chapter focuses on the recovery process of ant communities, including the
question of how long communities need until olegrowth conditions are reached. To achieve this,
we implementeda chronosequece with rainforest plots from O to 34 years of recovery. The stly
includes two types of landuse legacies, cacao plantations and pasturéd/e assessed multiple
ecological metrics of the ant fauna, including species richness, species composition and functional
traits, and compared their recovery trajectories. This therallowed us to estimate the resistance
and resilience of each ecological attribute and further allowed for a comparison between recovery

outcomes of the two landuse legacies

Publication: Philipp O.Hoenle, David A. Donoso, Adriana ArgqgtiMichael Staab, Christoph
von Beeren, Nico Blithgen (acceptedRapid ant community reassembly in a Neotropical

forest: recovery dynamics and laneuse legacyEcological Applications

In my third chapter, | conducted a more finescaled analysis addressing theeassembly
process of functional ant traits. To achieve thisyith the help of my collegues Isurveyed ant
communities of three different strata: leaf litter, ground, and lower tree trunksl investigated the
species turnover between the strata, as well as their functional and phylogenetic structure. Of
special interest are the combined effects of environmental filters that lead to stratification of traits
along the vertical axis (strata) and time axisrecovery). Finally,| extracted general reassembly

patterns among the multitude of investigated functional traits.

Philipp O.Hoenle (publication in prep.). Stratification and recovery time jointly shape ant

functional re-assembly in a Neotropical forest

In my fourth chapter, wedescribe a newOdontomachugrap-jaw ant species from the Choco,
O.davisoni This includes not only detailed pictures and a morphological description, but also life
history observations and DNA barcodes for molecular species idéfication . Further, for the first
time the DISC3ODarmstadt Insect Scanner 3D)s usedin a taxonomic species description. The

scanner allowed ugo provide a photogrammetric3D model of the new ant species, allowing other

17



researchers to easilyscreen for morphological characters, and to perform morphometric

measurements.

Publication: Philipp O. Hoenle, John E. Lattke, David A. Donoso, Christoph von Beeren,
Michael Heethoff, Sebastian Schmelzle, Adriana Argoti, Luis Camacho, Berhard Strébel, Nico
Bluthgen. 2020. Odontomachus davidsonsp. nov. (Hymenoptera, Formicidae), a new

conspicuous trapjaw ant from Ecuador speciesZzookeys948:75z105

In the fifth chapter , wedescribe another trap jaw ant speciesStrumigenys ayerstheyThrough
UCTscanned images, my colleague anéxamined the mandibular morphology of the new species
in a comparative framework,and for the first time described proper articulations between the
mandibles and clypeus, andhe labrum and clypeus Potentially, they areunique morphological

characters of the new species.

Publication: Douglas B.Booher, Philipp O.Hoenle (2021): A new species group of
Strumigenys(Hymenoptera, Formicidae) from Ecuador, with a description of its mandible

morphology. Zookeys1036:1z9
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2.1 ABSTRACT

Regrowing secondary forests dominate tropical regions today, and a mechanistic understanding
of their recovery dynamics provides important insights for conservation. In particular, laneuse
legacy effects on the fauna have rarely been investigated. One of the most ecologically dominant
and functionally important animal groups in tropical forests are ants. Here, we investigated the
recovery of ant communities in a forestz agricultural habitat mosaic in the Ecuadorian Choco
region. We used a replicated chronosequence of previously used cacao plantations and pastures
with 1 z 34 years of regeneration time to study the recovery dynamics of species communities and
functional diversity across the tvo land use legacies. We compared two independent components
of responses on these community properties: resistance, which is measured as the proportion of
an initial property that remains following the disturbance; and resilience, which is the rate of
recovery relative to its loss. We found that compositional and trait structure similarity to old
growth forest communities increased with regeneration age, whereas ant species richness
remained always at a high level along the chronosequence. Laode legacis influenced species
composition, with former cacao plantations showing higher resemblance to oldrowth forests
than former pastures along the chronosequence. While resistance was low for species
composition and high for species richness and traits, albommunity properties had similarly high
resilience. In essence, our results show that ant communities of the Choco recovery rapidly, with
former cacao reaching predicted olegrowth forest community levels after 21 years and pastures
after 29 years. Recoveryn this community was faster than reported from other ecosystems and
was likely facilitated by the low-intensity farming in agricultural sites and their proximity to old-
growth forest remnants. Our study indicates the great recovery potential for this o#trwise highly

threatened biodiversity hotspot.

2.2 INTRODUCTION

The global cover of natural landscapes continues to decline in the 21st century, almost
exclusively caused by human land ugglansen et al. 2013, Potapov et al. 2017, Curtis et al. 2018)
A substantial portion of these natural landscapes are forests, which are converted into agricultural
areas, leading to habitat loss for foresadapted species(Curtis et al. 2018) Loss is especially
prevalent in the Neotropics, which are particularly vinerable to commodity-driven deforestation
(Curtis et al. 2018, Newbold et al. 2020)However, partly facilitated by rural exodus because of

urbanization, a fraction of global forests with previous anthropogenic disturbances are
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increasingly undergoing natiral succession(Benayas et al. 2007, Chazdon and Guariguata 2016,
Meli et al. 2017, Chazdon et al. 2020)

Understanding the dynamics of recovering forests plays a pivotal role for future conservation

efforts and management strategiegCurran et al. 2014,Moreno-Mateos et al. 2017) Indeed, a

POAOOETI ¢ EOOOA ET i1 AAOT AAT1TcGU EO OizflAAOAOIE

instance, whether a disturbed forest is capable of reaching olgrowth conditions, and how long
this would take (Chazdon 2003, Gison et al. 2011, Lennox et al. 2018)Humaninduced
conversion of forest is generally understood as a disturbance event, and its recovery dynamics to
pre-disturbance levels are characterized by ecological concepts such as resistance, resilience and
variability (Pimm 1984, Chazdon 2014, Donohue et al. 2016Jhese concepts are the means to

understand and to predict how fast a system can return to its original state.

Previous work showed that forest recovery time is highly variable and mainly influenced by
factors such as climate and distance to nearest forest fragmer{tsawton et al. 1998, Bowen et al.
2007, Dent and Wright 2009, Crouzeilles et al. 2016, Meli et al. 2017, Crouzeilles et al. 2019)
Further, the extent of previous disturbance influences recary, as e.g. selectively logged forests
recover faster than former agricultural areagChazdon 2003, Bowen et al. 2007, Meli et al. 2017)
Land-use legacy effects are mukifaceted and can, for example, delay natural plant recovery

through deprivation of ground nutrients by crops (Pascarella et al. 2000, Holl and Zahawi 2014)

Studying recovery is challenging, because the necessary letsgm monitoring data is rarely
available (but seeNorden et al. 2015) To overcome this, sites with different regeneratiorage in
a similar environment can be studied to represent &hronosequence However, this approach
comes with its own challenges, and while several studies have investigated recovery using
chronosequences, important questions remain unanswered, as shortcamgs such as low
replication are common and recovery hard to predic{Bowen et al. 2007, Chazdon et al. 2007,
Norden et al. 2015) In particular, comparisons of faunistic recovery between sites with differing
land-use legacies are rare, even for welltudied faunal taxa such as birds and an{8owen et al.
2007, Crouzeilles et al. 2016) Ants are an exceptionally abundant group of insects and well
established, representative indicator taxa for environmental gradients and disturbancéajer
1983, Alonso andAgosti 2000, Schmidt et al. 2013, Arnan et al. 2014, Gibb et al. 2015, Tiede et al.
2017). Understanding their recovery patterns thus allows for a better understanding of general
community recovery, as they contribute in many ways to ecosystem functionin@unn 2004).
While numerous studies have described ant recovery, research on the comparative effects of past
land-use is sparse(Williams et al. 2012, Stuhler & Orrock 2016) For example ,Debinski et al.

(2011) showed that ant communities were affected bpast land management in the United States,
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while in tropical forests this topic remains, to the best of our knowledge, largely unexplored (but

see Vasconselos 1999).

To study community recovery dynamics, we sampled ant communities in a secondary tropical
forest originating from former cacao plantations and pastures. We investigated effects of lande
legacy, through a chronosequence approach, for regenerating areasaafcao plantations and
livestock pastures. We assessed different emergent properties of communities (species
composition, taxonomic diversity, functional trait diversity and trait structure), which are
characteristics not identifiable from individual organisms alone but arise from higher
perspectives of community organization (Konopka 2009). We expected that all properties show a
gradual recovery response toward predisturbance conditions, meaning their similarity to an old
growth forest reference increaseswith recovery time (Fig. 2.1). As cacao plantations have been
shown to harbor a high diversity of ants, which is mediated through their structural similarity to
forest such as leafitter and a small canopy layer(Belshaw and Bolton 1993, Delabie et al.a®7),
we expected to find a comparatively faster recovery for all properties in cacao compared to
pastures, indicating a higher resistance and/or resilience in cacao.

Our aim was to explicitly compare recovery times of related community properties. Because
species richness and trait structure are aggregate properties emerging from species compaosition,
but can obtain similar values with entirely different sets of species, we expected that species
richness and traits could only be equal or faster than speciesomposition in their recovery.
Previous studies indicate that species composition takes often several decades longer than species
diversity to recover (Dunn 2004, Curran et al. 2014, MorendMateos et al. 2017) while the
recovery of other community propetties, such as trait structure, are less explore{Aubin et al.
2013, Barber et al. 2017, Edwards et al. 2021)n line with other studies, we expect that trait
structure in agricultural environments is profoundly different from those in old-growth forest,
thus resulting in a slower recovery than species richnes@ihn et al. 2010, Roch&rtega et al.
2018) (Fig. 2.1). Here, we investigate recovery after disturbance by breaking it into two
measurable and statistically independent componentsresistanceand resilience(sensu Pimm
1984, Pimm et al. 2019) Resistance is measured as the proportion of an initial property that
remains following the disturbance. Resilience on the other hand is a measurement of the recovery
rate. We set out to understand how recovertimes are influenced by the dynamics of the systems;
that is, if different outcomes are primarily driven by effects of resistance or resilience, or a
combination of both. As an example, in Fig.1, diversity is conceptualized with ehigher resistance
in comparison to the other community properties, and thus recovered quicker. We expect
resistance to be similar in community composition to traits, as both are tightly linked to each

other.
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Fig. 2.1: Framework of hypothesizedrecovery trajectories. Disturbance is represented by
deforestation and subsequent agriculture (cacao or pasture), antesistancedescribes the
remaining similarity to old-growth forest after disturbance. Resiliencgin turn, refers to the
recovery rate. @d-growth forest represents the reference state (blue top layer). The-gxis
therefore defines the similarity to the reference state. We expected to find different recovery
times for the three community properties 'species diversity' (here assessed as spes
richness), 'species traits' and 'species composition', as well as faster recovery time for former
cacao plantations (brown trajectories) than pastures (green trajectories). This figure was

inspired by Moreno-Mateos et al. (2017).

2.3 MATERIAL ANDMETHODS

Study site and plot design

Our study was conducted at the Reserva Rio Canand&5263 N, 79.2129 W in Ecuador
(Esmeraldas Province) during the rainy season in Apri¢ June 2018 and February May 2019.
The reserve and surrounding areas contained oldrowth rainforests, regenerating secondary
forests that used to be either pastures or cacao plantationghenceforth referred to as
regeneration areas), and currently used pastures and cacao plantations. The current lansk in
this area is relatively recent, and although we do not have specific dates, interviews with farmers

showed that the majority of agrcultural use has been within the last 50 years. The landse is not
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intensive, but mostly smaltscale farming in a forest mosaic landscape. We selected a total of 61
plots, each encompassing an area of 40 ®40 m. Our plot design included the following hbitat
categories: eight cacao plots, eight pasture plots, 12 cacao regeneration plots, 17 pasture
regeneration plots, and 16 oldgrowth forest plots. Spatial dependence was minimized by
haphazardly selecting locations and by keeping a minimum distance dflaast 200 m among plots

of the same type. Plots were located at elevations between 127 m and 615 m and showed
substantial overlap in elevation (Supplement FigS21). Old-growth forests had on average the
highest elevation (374 + 30 m), followed by cacaaegeneration (319 + 35 m), pasture
regeneration (308 + 31 m), pasture (205 £ 39 m) and cacao (205 = 58 m). To account for potential
influences of elevation, we incorporated elevation as fixed effect in all our models (see below).
The agricultural plots were closely located to the forest edge, the approximate distance of which
was assessed with Google Earth (Version 7.3.3.7786) satellite data (mean 60 = 17 m; range 0 to

233 m). All other plots were embedded within the forest.

The regenerating areas are undenatural succession with negligible human interference.
Belonging to former smallholder farms, they are distributed patchily throughout the reserve and
embedded in a matrix of surrounding forest. The Fundacion Jocotoco bought most of the farms,
and integrated them into the reserve Rio Canandé. A few plots were already abandoned before
the installation of the reserve. We determined regeneration age by interviewing local park rangers
and farmers and incorporated information of land purchase provided by thedndacién Jocotoco.
Each plot was assigned the number of years it has been in succession (starting as year of
abandonment, range 1z 34 years). The age distribution and replication is approximately equal
among recovery plots: Cacao recovery had seven pldtsgat were younger and five older than 15
years, while pasture recovery had ten plots younger and seven older than 15 years. There were
no obvious differences in the plot structure between older recovery plots of pasture and cacao,
except for interspersed @acao trees on former cacao plantations. Agricultural areas, i.e. cacao
plantations and pastures, were selected from adjacent active farms. The cacao plantations are
typically monocultures and lack shade trees (swtolerant type). Cacao trees reached a héigof
approximately four meters, and a distance of four meters between trees in a row, and herbicide
application was common. Pasture plots were extensively grazed by cattle, horses or donkeys.
While the vegetation consisted mainly of grasses, there are tigally sparse trees providing shade
for livestock. The regeneration time of plots currently used as agricultural fields was defined as
zero years. The two different time trajectories of cacao and pasture, which each consist of year 0
and all following regeneration ages, are referred to as landise legacies. To facilitate comparisons,
we identified 16 plots as oldgrowth forest that have, to the best of our knowledge, experienced

no logging in recent times. These served as reference state and consequentlgeieed no
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regeneration age. Further information on the age and spatial distribution of the plots are given in

the Supplement FigS2.1.

Ant sampling and identification

On each plot ants were collected with three standardized methods to cover ant diversitypm
different strata: leaf-litter, epigeal and tree trunk (modified from Agosti et al.2000). To capture
the leatlitter ant community, we used Winkler extraction. We established a 20 m transect line
parallel to one side of the plot. A lealitter sample (including topsoil) of approximately 20 cm x
20 cm was collected every 5 m along the transect. We sifted the lgigter (1 cm?2mesh size) for
approximately 5 minutes to remove larger twigs and leaves before transferring it into a Winkler
bag. We pooledhese samples per plot resulting in a total area of 0.2 m2. Because pastures had no
leaf litter, we used a spade to cut out the first five centimeters of the grass turf with the same
dimensions and pooled the samples per plot. The samples were subsequentignsferred to

Winkler bags for 48 hours.

The ground ant community was collected by hand sampling. We used another 20 m transect
parallel to the Winkler transect and placed a sampling subplot every 5 m. In each subplot, we
collected ants with forceps within an area of 1 m2 for 5 minutes. The five samples were pooled per
plot. We focused on maximizing species numbers by collecting only a few individuals per species
(e.g., close to a nest). While collecting, we carefully removed lditier and opened smalltwigs to

look for ant nests.

For tree trunk sampling, we located the five largest trees in each plaind collected ants at
trunks for five minutes per tree. Collecting was restricted to reachable heights (8 2 m). We
focused on collecting ants from thertink, but also looked under epiphytes and tree bark. Because
of the lack of trees on some pastures, we collected from trees directly adjacent to the plot in the
same pasture, when necessary. Three of the pastures had fewer than 5 trees but at least one tre

per pasture was sampled (total of n=10 missing trees).

To avoid a collector bias, the same person carried out lebiter sampling (AA), hand sampling
(POH) and tree trunk sampling (POH). Specimens were sorted into morphospecies and identified
to species level whenever possibleDetailed information on the ant identification process can be
found in the Supplement2.1 Section S1Voucher specimens are deposited in the MEPN museum
collection atEscuela Politécnica Nacionah Quito. The Ministerio de Ambiente de Ecuador issued
the permits for collection (MAEDNB-CM-2017-0068) and exportation (41-2018-EXPCM FAU-
DNB/MA and 1442019-EXRCM-FAU-DNB/MA).
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Traits

We measured a subset of morphological traits followingarr et al. (2017). The 10 traits used
have repeatedly been shown to be related to ecological attributes of aniSosiak & Barden 2020,
Weiser & Kaspari 2006, Giblet al. 2015, Parret al.2017). A table of all functional traits used in
this study together with a short desciption of their proposed functional significance can be found
in the SupplementS2.1 Table 2.1. For instance, mandible length correlates to feeding mode, with
longer-mandibled ants having a more predatory lifestyle, while femur length is positively

correlated with structurally more complex environments (Weiser and Kaspari 2006)

We used a Keyenc¥HX5000 (Keyence Deutschland BmH, Nelsenburg, Germany¥or taking
high-resolution images and trait measurements. In total, the traits of 653 specimens belonging to
242 species were recorded (Data S1). Due to the high number of species (284 in total) and high
number of uniques (99 species) in our data set, we aimed for measurement$ at least three
specimens per species for more common species (> 10 occurrence), and at least two specimens
for rare species (> 2 incidences) except foParaponera clavata(h = 1 specimen measured). On

average, we measured traits on 2.7 specimens per spes'morphospecies (range 1z 12).

We measured minor workers in the polymorphic generaAzteca Pheidole Tranopelta,
Camponotusand Solenopsis AAAAOOA 1T OEAO AAOGOAO xAOA 1T AOAT 1T
color lightness, we assigned each specimemaain color, which was based on the color wheel of
Parr et al. (2017). We then used the software GIMP Version 2.10.22 to extract the lightness value

for each color coding using the protocol ofaw et al.(2020).

All length and width measurements scale witlbody size. Because we were interested in trait
change independent of body size, we regressed all lengthAAOOOAA OOAEOO xEOE 7A
surrogate of body size regularly used in ants) in linear models. Each trait was then expressed as

the residuals d this model. Trait values of all specimens were averaged on the species level.

Analysis overview

The main objective of our analysis was to compare the recovery trajectories of three elemental
community properties, and to break these properties down into recovery components of
resistance and resilience. All measures were based on unweighted incidenpegsence/absence)
of each ant species per plot. The three community properties were species richness, species
composition and traits (Fig. 2.1). To facilitate comparisons, all community properties were

expressed as a similarity to olegrowth forest.
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From these similarity metrics, we assessed theesistanceas the intercept value (recovery year
Ondéq OAI A GyfodtAforést me@nEwhich wie predicted from linear mixedeffects models
in a regression against recovery time. This was done separately ®ach community property, and

for each legacy type (cacao and pasture subsets).

For comparing resilience we first unified scales by standardizing between the intercept as 0,
and mean oldgrowth forest value as 1, which was necessary to compare slope valuedependent
of the intercept. Again, we used linear mixe@ffects models on the standardized data, and
extracted their slopes for regeneration time, i.e., theesilience Resistance and resilience could
then be directly compared among each community propg&y and each independent laneuse
legacy type (see Fig2.1). All analyses were performed with the software R (R Core Team 2018;
Version 3.5.1).

Species richness

As a measure of species diversity, we calculated the species richness for each plot basetien
species incidence. Species richness similarity was calculated as the richness value of each plot

relative to the mean richness value across 16 olgrowth forest plots as a reference.

Species Composition

For species composition, we created a nemetric multidimensional scaling plot (NMDS) using
the Jaccard similarity with the RD A A E A C A (OKsén&rGeAdl. 8010)We tested for differences
ET AlTi Pl OEOETT AAOxAAT OEA EAAEOAO AAOAGCI OEAO
To assess species composin similarity, we summarized all 16 oldgrowth forest plots by the
proportional occurrence p; of each ant speciesacross all plots as a reference for a mean expected
ant community composition in old-gowth forests. This proportion p; is defined as the number of
plots in which speciesi was recorded, divided by the total number of olegrowth plots (n = 16).
For each plot (including each olegrowth plot itself), we then calculated the BrayCurtis Similarity
(1-Bray-Curtis Dissimilarity) to this reference community. Hence, the absence of an ant species in
a secondary forest plot that was widespread across all olgrowth forests contributes to a larger

dissimilarity than the absence of a rare species only found in a single plot.

32



Traits

As trait measures, we distinguished between the functional diversity (FD indices) and trait
structure (community weighted means). Community weighted means (CWMSs) are trait averages
of plots, weighted by species incidence and are representative of the tratructure. Functional
diversity was expressed by a variety of indices which aim to depict multiple aspects of trait
diversity: Functional Richness (FRic) is a volume measurement of the amount of functional space
filled by the community, Functional EvenesgFEve) quantifies the regularity with which the
functional space is filled by species, Functional Divergence (FDiv) measures the average distance
of species to the centroid of the functional trait space, and Functional Dispersion (FDis) is an
estimator of the dispersion of the species in the traidimensional space(Villéger et al. 2008,
Laliberté & Legendre 2010)

Based on the averaged species traits and a species incidence matrix that excluded species
without trait measurements (excluded ca. 3% of species incidences), we calculated theove
mentioned functional indices (FRic, FEve, FDiv, FDis) as well as the trsitucture (CWMs) with
the RD A A E A Ql&alibéri@ 8t &l. 2014) Each of the FD indices, were subsequently expressed as
relative values to the average oldyrowth forest value. We recognize that due to the limitation of
using only incidence data our analgis is conservative and the actual functional diversity is

potentially underestimated.

As for species richness, trait diversity similarity based on each of the FD indices (one value per
plot) was expressed as proportion of the mean olgrowth forest value. CWMs were computed for
each of the 10 traits in each plot. The trait structural similarity to olégrowth forests was then

calculated as Gower similarity to the mean olgrowth forest trait values.

Statistical analysis

We used linear mixedeffects modelswith the obtained similarity values as responses,
elevation, landuse legacy (pasture or cacao plantation) and regeneration time as fixed effects, and
collection year as a random effect (R packages Ime#ates et al. 2007and ImerTest; Kuznetsova
et al. 2017). Regeneration time was square root transformed to approximately linearize the
slope? a commonly used geometric average method for obtaining annual growth rates. As -old
growth forest plots did not have a regeneration age, they were not part of the modeM/e tested
for interaction between regeneration time and landuse legacy, but since these were never
significant we excluded them from the final models. Residuals of all models met assumptions of
normality and homogeneity of variances. We are aware thatirce similarity values are

constrained between 0 and 1, they might in theory violate two assumptions of linear models, the
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normal distribution of residuals and the homoscedasticity of variances (Douma and Weedon

2019). We therefore applied an alternative btaOACOAOOET T |2 PDPAAEACA OCi i
2017) to the similarity values of composition and trait structure (with otherwise identical random

and fixed effects structure), and compared the model results and residuals to our LMM approach.

Since the esiduals showed similar distributions SupplementFig. 2.2, 2.3) and model results

(SupplementTable 2.2), we used the LMM for the analysis.

&1 O OEA OEIi EI AOEOEAO 1T &£ AAAE bDOI PAOOUKh xA O
regeneration time for complete recovery based on the previous lineamixed effects model, with
the average elevation (300.3 m) and the olgrowth forest mean. We obtained confidence
ET OAOOAT 6 OEOI OCE Al 1 OOO0OAPPEI ¢ xEOE OEA £
autocorrelation was assessed witta- | OAT & @om)the RB ODE A C @arddis & Al.&004)

on the model residuals We also tested whether the distance to the forest edge was correlated with

(@}
p>3

any of the similarities with a Spearman correlation test. This testrdy included agricultural sites,

as all other plots were embedded within the forest. For graphical representation, we used the
DAAEACA (®ickadmiei adD2086)to plot linear models with 95% confidence intervals for

OEA OACAT AOAOGERT ODAOAOODBAAAI BOAETEI C 111U OACAI

Comparison of recovery time

We were interested whether the recovery trajectories differ among functional traits, species
richness and species composition (Fi.1). However, claiming that poperty Afully recovers in
half of the time as propertyB may imply three scenarios: (i) thatAand B have dropped to a similar
amount during disturbance, butArecovers twice as fast a8, (ii) that Ahas dropped to only half
as far asB and both recover at a similar rate, or (iii) a combination of level dropped and recovery
rate. Consistent withindependent concepts and measurements of resistance versus resilience
(Pimm 1984, Pimm et al. 2019)we interpret the level to which property Adropped in agricultural
plots compared to the reference forest as iteesistanceand the relative rate of recovery towards

the reference level asesilience

Assuming a linear recovery of propertyA against squareroottransformed time in our linear-
mixed effects models, we defined itsesistanceas the proportion of the intercept (which is the
prediction of the level for zero years) in relation to the mean oldyrowth forests value. To predict
the intercept, we used the ®T AOET 1T OPOAAEAOE AT A AOAOACA Al AOA
AT 1T ZFEAAT AA ET OAOOAI O OEOI OGCE AT 1T OOOOADBEieC xEOE
was a significant disturbance effect compared to the references (i.egsistance< 1), we useda

Wald t-test on the property values of agriculture and olegrowth forest.
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To calculateresilience each community property A was normalized between the intercept
defined as zero and the mean oldrowth forest value defined as 1, in order to make slopes
comparable across properties and independent of the intercept. The resulting slofgor recovery

time depicts the proportional change from 0 (defined minimum) to 1 (reference stage) per squate
root year.
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2.4 RESULTS

Fig. 2.2 (a) A typical extensively used pasture in the study area of Rio Canandé. Picture: K.

Mody. (b) Former pasture after 12 years in natural recovery. Picture: K. Mody. (c) Undescribed
species ofAcanthoponera(R. Feitosa, pers. comm.). This genus is relatiyelare, and no new
species has been described for half a century. (d)he queen of an undescribed species of

Tapinoma(F.J. Guerro, pers. comm.).

Ant species richness

The Canandéhosted an extremely diverse ant fauna. We recorded a total of 284 species and
morphospecies across all plots (Data S1). We found several new country records for ant species
and detected several undescribed species (e.g., R C, D). Species richnessas unrelated to
regeneration age (p = 0.08; Tabl@.1), but increased with elevation (p = 0.006; Tabl2.1). There
was no difference between cacao and pasture recovery (p = 0.41, Tablg; Fig.2.3 a). The model
predicted a regeneration time to complete ecovery of 7.0 years (Cl: 2.3 14.4) for cacao, and 7.9
years (Cl:2.%pu81QqQ A O PAOOOOA8 7A AAOAAOAA 140, 1.@DPAOEAI
=70.02, lobs) = 0.03). Oldgrowth plots contained 30 species on average, while agriculturallgts

harbored 19 species on average, i.e. a relative richness of 63%. The resistance was significantly
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lower than the Null expectation (Welch ttest t = 4.23, df = 29.96, p < 0.001). The relative ant
species richness was unrelated to the distance to fore&tACA | 3DAAOI AT AT OOAT AOQE
value = 0.96).
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Fig. 2.3 Recovery trajectories illustrating ant species richness along the forest regeneration
chronosequence(a) and the standardized similarity of trait CWMs of each plot to the average
old-growth forest CWMs (b). Landuse legacy differences are highlighted with green (pasture)
and red (cacao), their trajectories are predicted from a linear model with 95% CIif ho dashed
lines are shown, there was no significant effect of regeneration time on the similarity (see
Table 1).
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Table 2.1: Linear mixed-effects model results, with elevation, lanelse legacy and squareroetransformed
regeneration time as fixed factos, and collection year as random factor. Resistance is the predicted
intercept relative to average oldgrowth forest mean, and resilience is the slope from a separate model that
was standardized with intercept as 0, and ol@growth forest mean as 1. Landise legacy indicates the
trajectory of pastures relative to cacao. Cl shows 95% confidence intervals. Significamvglues are
highlighted in bold.

Species Diversity Similarity

Estimates 95% ClI p
Intercept 51.204 32.083770.325 0.003
Elevation [km] 78.371 25.2287131.513 0.006
Land-Use Legacy [pasture] -4.874 -16.4307 6.681 0.408
Regeneration Time [sqgrt years] 2.952 -0.3967 6.301 0.084
Marginal Rt/ Conditional R? 0.286/0.385
Resistance [%] 72 58787 <0.001
Resilience 0.106 -0.01470.225 0.084

Species Composition Similarity

Estimates 95% ClI p
Intercept 0.100 0.06670.134 <0.001
Elevation [km] 0.206 0.09270.321 0.001
Land-Use Legacy [pasture] -0.038 -0.063z-0.013 0.005
Regeneration Time [sqrt years] 0.025 0.01870.032 <0.001
Marginal Re/ Conditional R? 0.721/0.721
Resistance [%] 43 37251 <0.001
Resilience 0.140 0.101z0.178 <0.001

Trait [CWMs] Similarity

Estimates 95% ClI p
Intercept 0.748 0.710z70.786 <0.001
Elevation [km] 0.179 0.0527 0.306 0.009
Land-Use Legacy [pasture] -0.025 -0.05370.003 0.086
Regeneration Time [sqgrt years] 0.015 0.007z70.022 <0.001
Marginal R/ Conditional R2  0.477/0.481
Resistance [%] 93 90 796 <0.001
Resilience 0.241 0.11370.368 <0.001
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Ant species composition

Species composition was significantly different among oldrowth forests, recovery plots and
agriculture (SupplementS2.1 Fig. 24; ADONIS, df = 2, F = 3.712R0.11, p < 0.001). With
increasing age, ant compositiorof regeneraing forests converged toward oldgrowth forests
(Table 2.1, Fig. 24). Landuse legacy affected the regeneration trajectory: as expected,
communities in current and previous cacao plantations at a given age were more similar to those
found in old-growth forests than communities in pastures (p = 0.005; Table.1, Fig.2.4). The
compositional species similarity was well predicted by a combination of regeneration time,
elevation and landuse legacy (R=0.72, Table2.1). We found a significant difference betwee
agriculture and old-growth forest in compositional species similarity (Welch ttest t=-16.15, df =
15.0, p < 0.001). We predicted a regeneration time of 20.6 years (Cl: 13.89.1) for cacao, and
28.9 years (Cl: 19.% 40.6) for pastures until full recovery. No signs of spatial autocorrelation
x AOA AAOAAOAA 1y, el OB DD Qs D70.06)Pandthere &/as no correlation with
AEOOAT AA O &l OAOO AACA-ojommplafue+0oB). AT OOAT ACET T ORF
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Fig. 2.4 Species compogion recovery of ant communities along the chronosequence,
measured as the similarity to oldgrowth forests. Landuse legacy differences are highlighted

with green (pasture) and red (cacao), their trajectories are predicted from a linear model with

95% CI.

Functional traits

The CWM similarity increased significantly with regeneration time (p < 0.001; Tdé 2.2, Fig.
2.3 b), and was not influenced by legacy (p = 0.09, Tal?el, Fig.2.3 b). The model predicted a
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regeneration time of 6.2 years (Cl: 2.3 11.3) for cacao and 8.5 years (Cl: 42014.58) for pasture

O1 OE1 AT i bl AOGA OAAT OGAOU8 .1 OPAOEAIT AfLQO.0R1 OOAT A
lobs)=-0.04), and there was no correlation with distance to the forest edge (Spearman corrgéém

O A © Gmieanpvalue = 0.53). All the other functional diversity indices (FRic, FEve, FDiv, FDis)

remained relatively constant in agricultural plots and over the entire chronosequence, with no

detectable differences in landuse legacy (all p > 0.0). However, relative FRic values differed

between agriculture vs. oldgrowth forest values, having lower values in agriculture (FRic: Welch

t-test, t = 3.76, df = 28.78,alue < 0.001;SupplementX2.1: Table 2.3, Fig. 2.3),

Comparative recovery dyraics

Among the assessed community properties, resistance was by far lowest in species
composition with 43% (CI: 37 7 51%). Traits (CWMs) and species richness showed high resistance
values with 93% (CI: 90z 95%) and 72% (CI: 58z 87%), respectively (Fig.2.5). The two legacy

subsets of cacao and pasture were very similar.
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Fig. 2.5 Recovery dynamics of the three studied community properties (species richness
similarity, species composition similarity, trait structure similarity), partitioned into
resistance and resilience. A property needs less regeneration time the more it is situated
towards the upper right, and more regeneration time the more it is situated towards the

lower left.
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In contrast, differences for resilience were less clear: traitsqWM) recovered fastest with 0.24
(Cl: 0.117 0.37), followed by species composition with 0.13 (CI: 0.190.18), and finally species
richness with 0.11 (Cl:z0.01z 0.23), but the Cls of the metrics were overlapping (Tabl2.1; Fig.
2.5). The cacao and pasture legacy subsets were similar, although the resilience Cl of cacao traits

overlapped with 0 (i.e., nonsignificant resilience) while that of pasture traits did not.

2.5 DiscussioN

We found a rapid recovery of ant communities and theifunctional traits in the Ecuadorian
Chocé and provided evidence that all studied community properties will reach oldrowth forest
levels within less than four decades. Rapid and complete recovery was facilitated by a high
resistance of species richnesstrait structure and trait diversity (high similarity to old -growth
forest remaining in the disturbed stage) and a similaresilience of all parameters (return rate to
pre-disturbance stage). Hence, high levels of species richness occurred along the entire
chronosequence, from ongoing agriculture and young secondary forests to mature forests.
Whereas agricultural sites had dissimilar ant assemblages compared to ejgowth and gradually
approached oldgrowth forests with recovery, species with similar functonal traits replaced one
another, thus buffering overall changes in the functional trait space. The high resistance of ant
communities found in agricultural sites was likely promoted by site conditions: land use was
rather small in scale and relatively lowin intensity and had occurred over relatively short time
periods (few decades). The resilience was likely accelerated by the mosaic of secondary,
selectively used and olegrowth forests, promoting rapid dispersal of forest animals and plants
into early recovery sites, as forest proximity generally aids natural or clost-natural forest
succession(Wijdeven and Kuzee 2000, Chazdon et al. 2009, Dent and Wright 2009)

Ant species richnessSpecies diversity is one of the most frequently assessed community
properties. In line with the few other studies, we recorded comparatively many ant species within
the Choco area (Donoso and Ramon 2009, Donoso 2017). Several studies have linked species
diversity to higher ecosystem stability, however, outcomes are mixeamong studies (e.g., Oliver
et al. 2015, Pennekamp et al. 2018). We found that ant species richness was remarkably constant
across the chronosequence, conveying a high resistance to disturbance. However, ant richness has
been reported to have idiosyncratt responses to chronosequences in the majority of studies, as
some report an increase of species richness or diversity with regeneration tin{@ihn et al. 2008,
RochaOrtega et al. 2018) while others found no such relationship(Belshaw and Bolton 1993,

Edrada and Fernandez 1999, Schmidet al. 2013, Staabet al. 2014, Hethcoatet al. 2019).
41



Ultimately, species richness changes depend on the species pool that is specialized to disturbed
areas, which replace forest species during disturbance. In some regions open areas have similar
species richness levels to forested areas, and thus a disturlm@ndoes not result in a decline of ant
species richnesgAndersen 2019).

Even though our study design aimed to reduce confounding effects of elevation, we found
elevation to be moderately related to all community properties. In particular, elevation seents
be a more influential driver to species richness patterns than recovery time. Elevation increased
species richness, which was expected as ant species diversity often peaks at-glelations in the
Neotropics at around 500 m, which is within our upper lbundary (Szewczyk and McCain 2016,

Longino and Branstetter 2019)

Species compositionin contrast to species richness, composition accounts for a shift in species
identities and often provides a stronger indication of environmental changes. As predictednt
assemblages showed strong, consistent, and gradual changes towards the conditions found in old
growth forests, with high species turnover across sites and with forest recovery time. From highly
dissimilar ant communities in agricultural areas, communiies gradually converged to those found
at old-growth forest level, and recovery was completed within the timeframe covered by the
chronosequence, which is uncommon in chronosequence studid3unn 2004, Bowen et al. 2007,
Crouzeilles et al. 2016) For instance, ant assemblages in the Atlantic rainforest were not
recovered after 50 years of natural recovery (Bihn et al. 2008). Nevertheless, similarity of ant
assemblages to olehrowth forest assemblages were typically reported to be higher in older than
in younger successional stages, suggesting that succession shapes ant assemblages in similar ways
across ecosystems all around the globéEstrada and Fernandez 1999, Dunn 2004, Dent and
Wright 2009, Neves et al. 2010, Schmidt et al. 2013, Gomes et al. 2014, stdal. 2014, Hethcoat
et al. 2019)

In our case, abiotic conditions were probably an important driver of the high community
similarity of cacao and pasture, and their low similarity to oldgrowth forest. In particular, early
recovery stages and agriculiral areas have a warmer, drier and more fluctuating microclimate
due to the lack of canopy cover compared to olgrowth forests (Meijide et al. 2018, Gregory et al.
2019). We found that differences shaped by landse start to clearly emerge only in the
successional stages. Communities from recovering cacao had a consistently higher similarity to
old-growth forest than those derived from pastures throughout the chronosequence, which lead
to faster recovery rates for previous cacao sites (ca. 21 years) théor former pastures (ca. 29
years). Our findings are consistent with studies in cacao agriculture, in particular agroforestry,
which showed particularly rich ant communties, especially in the ledlitter (Belshaw and Bolton

1993, Delabie et al. 2007)representing an advantage of recovering cacao over navoody Crops.
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Functional traits. Functional traits link species to their assumed functionéNong et al. 2019)
Given that species composition showed a strong response to disturbance and thus substantial
changes with recovery, it is surprising that this response is not nearly as strongly reflected in their
functional diversity. While trait structure (community -weighted means) gradually approached
levels of oldgrowth forest with increasing recovery time, they had a high resistance to
disturbance. The functional diversity indices, frequently applied to describe the trait space of
communities, showed no change across the chronosequence, further highlighting a high functional
redundancy of ant communities. This vas unexpected since several studies on ant recovery found
pronounced effects of environmental change on trait functional diversity and trait structure (e.g.,
Mexico (RochaOrtega et al. 2018) Brazil (Bihn et al. 2010} Argentina (Santoandré et al. 2019)
Australia (Lomov et al. 2009, Gibb and Cunningham 2013)

However, in line with our findings, there are also several studies showing that environmental
degradation does not need to be associated with reductions in functional trait diversity. For
instance, ant species functional dispersion of plots with low treepecies diversity was similar to
plots with high tree species diversity in ChingSkarbek et al. 2020) Further, dung beetles and
birds have also been shown to retain high levels of functional diversity even in young secondary
forests in the Colombian Choc¢Edwards et al. 2021)

The influence of legacy effects on the trait structure (CWM similarity) is notable. Although only
marginally significant, there appears to be a trend for environmentally selected traits that are
different between the open areas ofhe pasture and the understory of cacao. Habitat openness
can be a major environmental variable shaping the trait structure of ant assemblagéSuilherme
et al. 2019, Andersen 2019) We find that with forest growth during succession, thdunctional

similarity to old -growth forests is quickly restored.

Recovery comparison of community properti€arest recovery outcomes are predictable by the
synergistic effects of resistance and resilience of community properties (Nimmo et al. 2015).

Among chronosequence studies, our study is one of few to explicitly distinguish between

OAOEOOAT AA AT A OAOEI EAT AA & O OAOAOAI AT i1 OTEOU

This enabled us to disentangle the separate components of the recovery. Bgected different
recovery times for all community properties, and that community composition would be slowest
to recover, followed by trait structure and then species richness. Our data confirm the slow
relative recovery of community composition, whichwas mediated through a much lower
resistance, but similar resilience compared to the other properties. These patterns are consistent
with most findings from community recovery studies as well as with theoretical expectations
(Dunn 2004, Curran et al. 2014Moreno-Mateos et al. 2017, Pimm et al. 2019However, we did

not find clear differences in recovery outcome for trait structure and species richness, which both
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showed high resistance and resilience in the face of disturbance. Interestingly, for all tedt

community properties, only resistance, but not resilience, drove differences in total recovery time.
An explanation could be that community properties are biologically nested and thus
computationally not independent of each other. Since species richneasd trait structure are

calculated from species composition, their turnover rates might be coupled, which would be
worth investigating through simulations. Our result that resilience was similar among properties
confirms findings on forest recovery in theAmazon, where recovery rates (resilience) of species
richness in comparison to community composition of birds, plants and dung beetles were

surprisingly similar (Lennox et al. 2018)

While resistance and resilience are conceptually independent, it is hdito untangle how much
they are interdependent in the biological context, i.e., whether the same biological attributes that
reduce impact to disturbance (resistance) are also beneficial to the recovery rates (resilience)
(Nimmo et al. 2015). For instancespecies attributes that correlate more to reproduction and re
colonization should increase resilience, while those that infer high physiological or behavioral
plasticity should increase resistance (Shade et al. 2012; Nimmo et al. 2015). Further, resistance
and resilience of the whole ecosystem is likely to be influenced by landscape configuration, with
forest remnants acting as refuges (Shacklefort et al. 2018). In the landscape mosaic of our study
site the community properties resistance and resilience wex likely positively affected by the
surrounding forest matrix. However, the distance of the plot to the forst edge was never correlated
with any of the community properties. Since all plots were located rather closely to forests, future
experiments in moreisolated forest patches are desirable. They could shed light on the question
if similar, fast recovery happens also in more fragmented areas. The two concepts of resistance
and resilience could also be differentially targeted with conservation and landse strategies. For
instance, we would expect that the use of agroforestry instead of monoculture would increase
resistance, as communities are more similar to forests during disturbance. Likewise, the proximity
to forest remnants or active replanting of trees during early succession should lead to an increase
of resilience. Manipulative ecological experiments, which try to explicitly alter resistance
independent of resilience, could greatly improve our understanding of these recovery
mechanisms. While the Euadorian Chocd is one of the most threatened biodiversity hotspots, our
study confirms a strong recovery potential for recently deforested areas, particularly since intact
forests are still abundant. This knowledge is important for future development inwch regions,
where deforestation by logging and smalkcale farming is still common. Conservation action
should thus target both oldgrowth forests remnants as well as recovering forests, including

young stages on abandoned agricultural land.
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2.8 SUPPLEMENT

Supplement for Hoenle, P.O.,D. ADonoso,A. A.Argoti, M. Staab,C.von Beerenand N.
Bluthgen. Rapid ant community reassembly in a Neotropical forest: recovery dynamics and

land-use legacyEcological Applicationsaccepted for publication

Section 2.1
Identification of collected ant specimens

Specimens were first sorted into morphospecies. Two individuals per morphospecies per
sample were mounted. POH determined morphospecies to the species level whenever possible
using primary taxonomic literature: Acropyga(LaPolla 2004) Adelomyrmex(Fernandez 2003,
Longino 2012), Apterostigma (Lattke 1997), Brachymyrmex (Ortiz-Sepulveda et al. 2019)
Crematogaste(Longino 2003), CyphomyrmexXKempf and Francisco 1965)DolichoderugMacKay
1993), Gnamptogenys(Camacho et al. 202Q0) Lachnomyrmex (Feitosa and Brandao 2008),
Leptogenys(Lattke 2011), Linepithema (Wild 2007), Megalomyrmex(Boudinot et al. 2013)
Neoponera& Pachycondyla& PseudoponergdMackay and Mackay 2010)Octostruma(Longino
2013), Pheidole(Longino 2019), Prionopelta(Ladino andFeitosa 2020) Proceratium (Urbani and
Andrade 2003), RasopongLongino and Branstetter 2020) Sericomyrmex * AHT OT EE AT A 3 A
2017), SolenopsigPacheco et al. 2013)Strumigenys(Bolton 2000), Wasmannia(Longino and
Fernandez 2007) Due to a lack ofdentification literature on Ecuadorian ant species (Salazar et.
2015), we relied primarily on species keys of Costa Rican and Colombian ants, which show a
reasonable degree of species overlap (Longino 2010, Fernandez et al. 2019). Several ant
taxonomists thecked ambiguous cases (see Acknowledgements). Queens, damaged specimens,
and majors ofPheidoleand Solenopsisvere sometimes collected but only included in the analysis
if they could be clearly be associated to a species/morphospecies. In certain genera
(predominantly in Azteca SolenopsisHypoponera Nylanderia and Pheidolg with high species
diversity but poorly resolved alpha taxonomy, we relied on assigning morphologically similar

specimens into morphospecies.
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Fig. 2.1 A: Map of all plotssuperimposed on a height heatmap, made withtheP AAEACA OOAOOAOOD
(Hijman 2011). B: Elevational distribution of each categoryC. Distances between each plot

within each category. The yAxis is logtransformed. Mean + SD distance is 5,799 * 3,373 m. The

shortest inter-category distance is 170 m, the longest is 13,403 nD: Elevation along

regeneration age distribution. The two variables are significantly correlated (linear model; £

value = 4.38, R=0.18, p = 0.003), and there are no differences betweeaaao and pasture land

use legacy (linear model; Fvalue = 4.38, R= 0.18, p = 0.998).
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Fig. S2.2 Comparison of the residual plot diagnostics between the linear mixed effects model (a,

left panels) and the beta regression (b, right panels) for thepecies composition similarity. The

diagnostic plots indicate that residuals in both models (LMM and beta) are almost identical and

indicate a normal distribution.
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and show a normal distribution.
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Fig. S2.4 NMDS (k = 3, stress = 0.17) depicting compositional differences in the ant communities
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which did not influence the configuration of the first two axes (procrustes rotation 1000
permutations, p < 0.00). The species composition was significantly different between the
category types (ADONIS, df 2, R=0.11, F.Modek 3.71, p > 0.001).
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Table S2.1. List of ant traits that were quantified in this study, and their proposed functional significance.
Adapted from Parr et al. (2017)

Trait Proposed function

. L _ Closely related to body size and linked to metabolisifGibb et al. 2018
7AAAGBO 1 AT ooVl Y St e )
and microclimate (Kaspari 1993)

Head length Indicator of diet (Weiser & Kaspari 2006)
Head width Feeding mode(Weiser & Kaspari 2006)

Length of mandibles relates to diet: longer mandibles = more predatory

Mandible length ] .
(Gibb & Cunningham 2013)

Clypeus linked to sucking ability and liquidfeeding behavior (Davidson et

Clypeus length
P g al. 2004)

Sensory abilities: longer scapes facilitate following of pheromone trails
Scape length . . . ]
(Weiser & Kaspari 2006); shorter scapes in complex environments

_ Pronotum accommodates neck musculature which is important for diggir
Pronotum width .
and feeding(Peeters et al. 2020

Femur length Indicative of foraging speed (Feener et al. 1988); thermoregulatory

strategy (Sommer &Wehner 2012)

Eye size is indicative of food searching behaviour and activity times

Eye size _ _
(Weiser & Kaspari 2006)

Eye position Related to hunting method (Fowler et al. 1991) or the component of the
(=interocular width) habitat occupied (Gibb & Parr 2013)

) Thermoregulation, sunlight protection (ClusellaTrullaset al. 2007; Law et
Color lightness . S e . . -
Al 8 ¢me¢mqn AAI T 2RACA j' AOAEA AO

Number of spines Spines are defensive adaption@Blanchard et al. 2020)

More sculptured cuticles increase structural integrity and dehydration
Sculpture
tolerance (Buxton et al. 2021)
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Table S2.2: Beta regression model results fospecies composition and trait similarity, with elevation, land
use legacy and squargoot transformed regeneration time as fixed factors, and collection year as random
factor. For comparison, we give the values obtained by the LMM (Tabkl in the main dacument) in
parenthesis. Diagnostic plots for both are shown in Fig.28} and Fig. 85. Significant pvalues are
highlighted in bold.

Composition Similarity Trait Similarity
Predictors Estimate Std. z-value p Estimate Std. z-value p
(t-
value)
(Intercept) -2.07 0.12 -17.01 <0.001 1.03 0.12 8.73 <0.001
(0.10) (0.02) (5.80) (<0.001) (0.75) (0.02) (38.62) (<0.001)
Elevation 1.22 0.41 3.00 0.003 1.36 0.42 3.23 0.001
(0.21) (0.06) (3.52) (0.001) (0.18) (0.06) (2.76) (0.009)
Land-use -0.24 0.09 -2.64 0.008 -0.17 0.09 -1.93 0.05
Legacy
(-0.04) (0.01) (-2.99) (0.005) (-0.02) (0.01) (-1.76) (0.09)
[pasture]
Regeneratio 0.17 0.03 6.65 <0.001 0.10 0.02 3.93 <0.001
nTime [sqrt
(0.03) (<0.01) (7.16)  (<0.001) (0.01) (<0.001) (3.71) (<0.001)
years]
Marginal R2/ 0.797/0.797 (0.721/ 0.721) 1.106/1.106 (0.477/ 0.481)
Conditional
R2
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Table S2.3: Linear-mixed effects model results for the trait diversity indices, with elevation, landise legacy

and squareroot transformed regeneration time as fixed factors, and collection year as random factor. Trait

indices in the model were expressed as relative to olgrowth mean. 95% confidence intervals are given.

Significant p-values are highlighted in bold.

Functional D iversion

Functional Dispersion

Predictors Estimate ClI p Estimate CI p
(Intercept) 100.52 98.13z7 <0.001 96.47 86.157106.78 <0.001
102.90
Elevation 0.07 -7.9927 0.986 -8.85 -42.04724.35 0.601
8.14
Land-use Legacy [pasture] 1.33 -0.422 0.136 -0.28 -7.5076.95 0.940
3.09
RegenerationTime [sqrt -0.07 -0.567 0.773 -0.36 -2.4271.69 0.728
years] 0.42
Marginal R2/ Conditional R 2 0.050 / 0.023/
0.051 0.023
Functional Richness Functional Eveness
Estimate CI p Estimate ClI p
(Intercept) 18.10 -36.697 0.517 | 99.70 99.01 7100.3  <0.001
72.88 9
Elevation 156.12 -29.567 0.099 1.05 -1.07z3.17 0.332
341.80
Land-use Legacy [pasture] -29.92 -70.327 0.147 | 0.14 -0.32z70.61 0.541
10.48
Sqrt(RegenerationTime) 3.44 -7.827 0.549 | 0.08 -0.05z0.22 0.08
14.69
Marginal R2/ Conditional R 2 0.135/ 0.135 0.093/0.152
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3.1 ABSTRACT

Variation in forests structure, such as the successional stage amgicrohabitat stratification,
contributes to maintain the biodiversity of tropical forests. Environmental filtering determines
both the community re-assembly during succession and its stratification, resulting in a distinct
functional and phylogenetic compaition of organisms through time and space. However, it is
poorly understood if and how these two environmental filtersz forest recovery and stratification

Z interact with each other.In a chronosequence of a tropical forest in Ecuadadrjnvestigated the
recovery trajectory of ant assemblages in three overlapping strata (ground, leaf litter, lower tree
trunk) by quantifying 13 traits, functional and phylogenetic diversity.My study included pastures
and cacao plantations, secondary forests derivefdlom former agricultural areas between 17 34
years of recovery and oldgrowth forests. Most ant functional traits and phylogenetic diversity
acrossmy study plots were distinctly stratified. Community-weighted trait means had complex
relationships to recovery time and were shaped by interactions between recovery and
stratification. Most trait trajectories converged among strata with increasing recovery time, i.e.,
differences among strata were most pronounced in plots of ongoing agriculture and decreased
towards old-growth forest plots. My study confirms the suspected complex interaction between
environmental filters during the functional reassembly in tropical forests. Individual strata are
differently affected during recovery, which is a previously underppreciated aspect of re
assembly. | discuss plausible filter mechanisms, which likely arose from both abiotic (e.g.,
temperature) and biotic (e.g., competition) conditions. Since vertical stratification is prevalent
across animal and plant taxamy results highlight the importance of stratum-specific analysis in
dynamic ecosystems and may generalize beyond ant communities. In particular, functional traits
with convergent trajectories, i.e., a decreasing extent of stratification with increasing forest age
may represent a more @neral assembly rule in recoveng ecosystems that warrants further

research.

3.2 INTRODUCTION

Species ceoccuringin local communities often represent a norrandom sample of the regional
species pool and several ecological theories aim to describe community assembly mechanisms
(Diamond 1975, Keddy 1992) These mechanisms are diverse, and include niche differentiation
(Macarthur and Levins 1967) dispersal(Hubbell 2011) and stochasticity(Connor and Simberloff
1979, Hubbell 2011) Arguably one of the most central concepts in community assembly is the

environmental filter hypothesis, implying that the environmentactsA O A | AOADPET OEAAT C
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OA1 AAOO bl OAT OEAT OPAAEAO &OI i OEA OACETTAI bBill
(Keddy 1992). Traits mediate the interaction between species and their environment, and thus

connect communities to ther functional role in ecosystems(de Bello et al. 2021) Subsequently,

AT 6eoi 11 AT OAT &£EI OAOO AAOAOI ETA ATii 01l EOU OOAEQ
niches (Kraft et al. 2015). Measurement of traits can facilitate comparison across complesel

different sets of species, enabling the detection of general ecological patte(iMouchet et al. 2010,

de Bello et al. 2021) As more closely related species are often more similar in their ecology and

thus their traits compared to distantly related speces (i.e., niche conservatism), environmental

filters are also reflected in the phylogenetic composition of a communityKraft et al. 2007).

Therefore, phylogenetic studies on communities can capture the signal of filters on traits that

were not directly measured (Srivastava et al., 2021).

While environmental filters were traditionally restricted to abiotic factors and are now often
used to untangle the relative contribution of biotic interactions versus the abiotic environment
(Kraft et al. 2015),lundersOAT A A O&ZEI OA06 EAOA ET OEA AOI AAAROGO
select from the available species pool, including competitive exclusig@adotte and Tucker 2017)
A prominent application of the environmental filter concept is the reassembly of species
communities after disturbance or during succession, for example in tropical fores{®avies et al.,
2020; Edwards et al., 20143 ! AOAAOEITT 1T &£ OI AAUSO OOI PEAAT 1A
forests, often former agricultural areas, which arén recovery towards an oldgrowth forest state
(Crouzeilles et al. 2016, Meli et al. 2017)Studies of the outcomes in functional and phylogenetic

diversity generate the opportunity to glimpse into the reassembly procesgFornoff et al. 2021)

Habitats are comprised of manifold and structurally variable microhabitats, which determine
niche availability and have implications for reassembly. For instance, in lowland tropical
rainforest, vertical stratification from lower vegetation to higher canopy areass pronounced and
affects arthropod distribution and abundance(Schulze et al. 2001, Fermon et al. 2005, Basset et
al. 2015). Even across smaller scales, such as above and within the litter layer and soil,
communities are distinctly stratified (Giller 1996, Widenfalk et al. 2016) Thus, community
stratification can be understood as a process determined by environmental filtering. During forest
recovery, some previously dominant microhabitats disappear (e.g., dense grass of cattle pastures)
while others expard and diversify (e.g., the leaf litter layerHuang et al. 2017) Forest recovery
and other types of ecosystem succession represent a second filter on a community, with
substantial effects on the structural complexity and microclimate on a larger habitatcale.
However, studies assessing the changes only along a atimensional habitat recovery axis are
prone to miss important aspects of the reassembly process that may be invoked by stratification
within habitats. To date, only very few studies have testeifland how two gradual environmental
filters, such as stratification and forest recovery, interact with each other during community
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(re)assembly (Fermon et al. 2005, Whitworth et al. 2016) In this study,| use functional traits and
phylogenetic diversity to untangle the plausible interaction between stratification and recovery.
Several studies indicate that species communities on trees are more heavily affected by habitat
degeneration than those on the groundKlimes et al. 2012, Whitworth et al. 2016, 209), and|
expect that this will be visible in trait diversity and species composition of the lower tree trunk.

yl OEA OEiI b1 AOO OAAT AOET 1T &£ A OAAT OAOET ¢ AOAA
OOOAOCEELEEAAOQEIT j OOO0OBDAME!AE ARICKT T O EQUDA IOERDE OGE i&A Cje
Fig. 3.1, B). However, recovery trajectories may be highly straturspecific, i.e., strata are
AE£EAOAT O1 U AEEAAOAA AU OAAT @A OWAs OEst rdcoverPléadsO A OA A C
to larger, more heterogeneous stratd,expected that environmentd filters lead to a higher degree
of stratification with forest age, i.e. more dissimilar the simplest scenario of a recovering area,
OPAAEAOGS OOAEO AEOOOEAOQOOEITI xEIl 1 AA -gECi©OAOAA .
communities with increasing trait and phylogenetic diversity. To test the interaction between
forest recovery and stratification,| use ants as focal organisms. Ants are one of the most abundant
insect groups of tropical forests and play a major role in ecosystem functionirfgachet al. 2010)
They display a vast diversity of life histories, from minute subterranean dwellers to conspicuous
canopy climbers(Sosiak and Barden 2020)Functional traits of ants have been studied intensively
and can be directly linked to certain functims (Gibb et al. 2015, Parr et al. 2017, Law et al. 2020,
Sosiak and Barden 202Q)

| studied a 34year forest chronosequence recovery located in the Chocé tropical lowland of

North West Ecuador and sampled ant communities in three microhabitats, the ledttér, ground

AT A OOAA OOOT E jlExpdctAnAtAtatiiCation &nd OrésArécAverg j8intly shape
communities, their traits and phylogeny.

A Stratification Hypothesis B Recovery Hypothesis ¢ Interaction Hypothesis
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Fig. 3.1 The threemain hypotheses for trait trajectories. On the yaxis, a community weighted
mean (CWM) for a hypothetical trait is shown. The regression lines each depict the response

of this trait to the recovery time on the xaxis. In (A), a trait is differentiated between strata

but does not change significantly with recovery time, whichh OA £ZAO O1 A0 OOOOAOQE A

EUPI OEAGEOGS88 )T j"qh A OOA B chEnges ith @EovelyEmeEA OAT OEAOA
ET A OEIEIAO TATTAO AAOI GGU GEUD I OXEMAGEAMS 8x ESEFAIEA TEIOQU hO E
trait differentiation and a recovery time effect, which varies among the strata (indicated by a

statistically significant interaction between recovery time and stratum), referred to as

OET OAOAAOQEIT T thdrdil n@anddiergedodess(sifni@Avalues with recovery time

Zhowever, there are several other possible trajectories not depicted here, as for instance traits

could also show the opposite pattern (converge).

3.3 MATERIAL ANDMETHODS

Study site angplot design

My study was conducted at the Reserva Rio Canand@.5263 N,-79.2129 E) in Ecuador
(Esmeraldas Province) in Aprilz June 2018 and Februaryz May 2019. The reserve and
surrounding areas contain oldgrowth rainforests, recovering secondary forets on former
DPAOOOOAOG 10 AAAAT DI AT OAOETIT O | OOAAT 6AOU AOAAC
Pl AT OAOGET 1O j OACOEAODI OOOAT AOAAOGB Q8 -useshrosi ET ¢ Ol
younger than 50 years, and is comprised of smadicale firming in a forest mosaic landscape.
Based on theprevious work of my supervisor Nico Bliithgen) selected a total of 61 plots of 40 m
xtm | OEUA ETAI OAETC OEA A 11i1xETC AAOGACI OEAO j
plots, 12 cacao recowy plots, 17 pasture recovery plots, and 16 oldyrowth forest plots (as
reference; Supplemental FigS2.1). All recovery plots are adjacent to forests. Spatial dependence
was minimized by haphazardly selection plots and keeping a minimum distance of at #£00 m
among plots of the same habitat type. Plot elevation ranged between 127 m and 615 m
(Supplement Fig S2.1). As elevation was weakly correlated with recovery time (Supplement Fig
.1), | account for potential influences of elevation by incorporahg elevation as fixed effect in

all analyses (see Statistical analysis).

My collegues (see Acknowledgements) anddetermined recovery age by interviewing local
park rangers and farmers and incorporated information of land purchase provided by the
Fundacién Jocotocol assigned each recovery plot the age as the number of years it has been in
succession (year after abatilonment, range 1z 34 years). Two types of locally common agriculture

(cacao plantations and pastures) were selected from nearby farms. Cacao plantations are typically
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monocultures, and cacao trees reached a height of approximately four meters. Pasturetplvere
extensively grazed by various lifestock. Typically, some sparse trees providing shade for livestock.

All old-growth forests have, to the best omyknowledge, experienced no logging in recent time.

Ant sampling and identification

With the help of iy field assistant Adriana Argoti, Icollected ants on each plot with three
standardized methods to cover different strata: leal EOOAOh ADBPECAAI j 6COIl O A
(modified protocol from Agostiet al.2000). Throughout the rest of the manuscript wevill address
the methods as their representative stratum (tree trunk sampling: tree trunk; hand sampling:
ground; Winkler: leaf litter). Each stratum was represented by five pooled subsamples per plot

(except when fewer than five trees where available, gebelow).

(1) To sample the leaflitter ant community, | used Winkler extraction. For this| established a
20 m transect line parallel to one side of the plot. Leditter samples (including topsoil) on an area
of 20 cmx 20 cm were collected every 5 m filowing the transect. Larger twigs and leaves were
removed by sifting (1 cn®mesh size). Because pastures had no leaf littérysed a spade to cut out
the first five centimeters of the grass turf with the same dimensions. The samples were

subsequently poded per plot and transferred to Winkler bags for 48 hours.

(2) The ground ant assemblage was assessed by standardized hand samplingsed another
transect parallel to the Winkler transect with the same length (20 m) and placed a 1 m? sampling
subplot every 5 m, wherel collected ants with forceps for 5 minutes. The subplots were pooled

on plot level.

(3) To sample the tree trunk/ identified the five largest trees in each plot by eye. Using forceps,
| collected ants in reachable heights (¢ 2 m) for five minutes per tree, also checking under
epiphytes and bark. If there were not enough trees within the pasture plot limit, collected fom
adjacent trees in the same pasture. Nevertheless, three of the pastures had fewer than the
required five trees, but at least one tree per plot was sampled (h=10 missing trees). In both the
tree trunk and ground sampling,l focused on maximizing speciesumbers by collecting only a

few individuals per species (e.g., close to a nest). Tree samples were pooled on plot level.

To avoid a stratumspecific collector bias, the same person carried out all ledifter sampling
(Adriana Argoti), hand sampling (myself) and tree trunk sampling (myself). Inevitably, each
collection method has certain limitations, for instance, Winkler samples may underrepresent
large-bodied ant species(Lee and Guénard 2019) Stratum comparisons thus need to be
interpreted with care, as each stratumspecific collection method may itself contribute to
stratification patterns. | address this by calculating all analyses on incidence data only (see
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Statistical Analysis), as collection methods usually are more prone to distort individual mobers

than to fail in recording the mere presence of a species.

Specimens were first sorted into morphospecies, and two individuals per morphospecies and
sample were mounted] designated morphospecies and identified the majority of specie$he ant
expert of Ecuador, David Donoso, contributed to ant species identificatiorBecause there is a lack
of identification literature on Ecuadorian ant species (Salazar et. 2015),relied primarily on
species keys of Costa Rican and Colombian aift®ngino 2007, Fernandez et al. 2019)Other
taxonomic expertsalso contributed to several identifications (see Acknowledgements). Voucher
specimens are deposited in the MEPN museum collectioni$cuela Politécnica Nacionah Quito.
The Ministerio de Ambiente de Ecuadoissued both the permits for collection (MAEDNB-CM
2017-0068) and exportation (41-2018-EXPCM FAUDNB/MA and 1442019-EXRCMFAU
DNB/MA).

Species composition
Altogether, IAT 1 1 AAOGAA pwywo AT O AOOAI Al ACAO j OIOOAOGAI E
used the species incidence, i.e. presence/absence of ant species in each subsample for all analyses.
All analyses were performed with the software R (R Core Team 2018; Version 3.5.The
statistical analysis was conducted under close supervision from NicoiBhgen and Michael Staab.
To analyze species composition, used two-dimensional non-metric multidimensional scaling
(NMDS) with Jaccard similarity in the RD A A E A C A (OKsén&rCeAdl. 8010) The dissimilarity
matrix was tested for differences in composition between the three strata and witlecovery and
Al AGAGETT ET A 0%2-1!'./6! A1 AOGEIT OAATTEOS8 EI
collection year. Using the same Jaccard similarityatrix, | also calculated species overlap among

strata for each plot.

To visualize if the three strata follow similar trajectories across recovery time and elevatioi,
OA1T OEOAA OAPAOAOA .-$3 11 OOAOGAO T £#/ AAAE OOOAOGO
OEi A8 AT A OAI AGAOGEI 16 EIT AMOEADI GO Gracpsdia OO\ AED B
matrix was finally analyzed with a PERMANOVA (constrained by collection year) to test for

correlations with elevation and recovery time. All permutation tests used 1000 replicates.

Traits

To test for influences of enwronmental filters on the ant community, | quantified 13

morphological traits (following Parr et al. 2017; Table3.1) and investigated their response to
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microhabitat stratification and forest recovery. The traits relate to ecological attributes and
represent classical functional traits (Weiser and Kaspari 2006, Gibb et al. 2015, Parr et al. 2017,
Sosiak and Barden 202Q)1 used a KeyenceVHX5000 (Keyence Deutschland GmmH, Neu
Isenburg, Germany)or trait measurements.| recorded traits of 653 specimens belonging to 240
species SupplementS2.1 Table $.1). Because of the high number of specidaneasured for more
common species (> 10 occurrence) at least three individuals, and for rare species (> 2 occurences)
at least one individual. Speciesvith single occurences were common, and traits could not be
measured for all singletons (species without traits n=36; 2.5% of total occurenceSupplementS1
Table 8.1). This resulted in an average of 2.7+1.6 SD specimens per species/morphospecies
(range 1 z 12). In polymorphic genera(Azteca Pheidole Tranopelta, Camponotus, Solenop$is

i AAOGOOAA TT1U TETT O x1 OEAOOS8Iasgsignedieach dpécimerCaindin AT 008
color, which was based on the color wheel of Parr et al. (2017). The image software GIMP Version
2.10.22 was subsequently used to extract the lightness value for each cetarding following Law

et al.(2020).
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Table 3.1 List of ant traits that were quantified in this study, and their proposed functional significance.
Adapted from Parr et al. (2017)

Trait Proposed function
. . . _ . . Closely related to body size and linked to metabolisrfGibb et al. 2018)and
7AAROBO 1 oY o © )
microclimate (Kaspari 1993)
Head length Indicator of diet (Weiser and Kaspari 2006)
Head width Feeding mode(Weiser and Kaspari 2006)

Mandible length

Clypeus length

Scape length

Pronotum width

Femur length

Eye size

Eye position

Color lightness

Number of spines

Sculpture

Length of mandibles relates to diet: longer mandibles = more predatory
(Gibb and Cunningham 2013)

Clypeus linked to sucking ability and liquidfeeding behavior(Davidson et
al. 2004)

Sensory abilities: longer scapes facilitate following of pheromone trails

(Weiser and Kaspari 2006) shorter scapes in complex environments

Pronotum accommodates neck musculature which is important for digging

and feeding(Peeters et al. 2@0)

Indicative of foraging speed Feener et al. 1988, thermoregulatory

strategy (Sommerand Wehner 2012)

Eye size is indicative of food searching behaviour and activity times
(Weiser and Kaspari 2006)

Related tohunting method (Fowler et al.1991) or the component of the
habitat occupied Gibb and Parr 2013; Eye position = residual of (Head
width z I-O width) with head length

Thermoregulation, sunlight protection (ClusellaTrullaset al. 2007, Law et

Al 8 ¢mg¢mqgn AAI T.00RACA ' AOAEA AO A
Spines are defensive adaptionéBlanchard et al. 2020)

More sculptured cuticles increase structural integrity and dehydration

tolerance (Buxton et al. 2021)
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| was interested in trait change independent of body size, and therefore regressed each size
OA1 AOAA OOAEO xEOE 7AAAO0G0 1 Al Clakerapgedthéresidwals 1 £ Al
of these regressions on species level. Based on the averaged spetiags and the species
incidence matrix, we calculated functional diversity indices and community weighted means
(CWMs). Functional diversity indices are calculated for the whole set of traits and result in
community-level values, while the trait structure allows for detailed comparisons of single trait
trajectories. Thus, the analysis of both results in complementary information on the overall

multidimensional trait space, allowing a detailed perspective on trait filtering.

The functional diversity indices were calculated with the RDRAAEACA 0&$6h AT A 0O/
following information: FRic, which is a volume measurement of the amount of functional space
filled by the community; FEve, which quantifies the regularity with which the functional space is
filled by species; Functional Divergence (FDiv), which measures the average distance of species to
the centroid of the functional trait space; and finally FDis, which is an estimator of the dispersion
of the species in the traitdimensional space(Villéger et al. 2008, Laliberté and Legendre 2010,
Laliberté et al. 2014)

Phylogenetic diversity

Trait measurements will rarely capture the entire trait space of a species, as several traits may
be elusive or not be quantifiable. Since many traits are phylogenetibapreserved, phylogenetic
diversity can be used as a proxy for the overall trait similarity among specig$rivastava et al.
2012, Staab et al. 2021) Thus, phylogenetic diversity can inform on functional reassembly
processes, since environmental filters are expected to create phylogenetically clustered
communities. Becausemy data set contained many ants that could only be assigned to
morphospecies, calculated phylogenetic diversity on the genus level.used the backbone tree of
Economoet al.(2018) as phylogenetic reference tree and pruned the full tree to all 58 ant genera
of my species occurrence data using the-R AAE ACA (KefnBeReAdl PDAC). The resulting
tree was then transformed into a cophenetic distance matrix, which was subsequently used to
calculate the mean pairwise distance as standard effect size of each subsample using the function
OOAO8I PA3 AEOI I OPE AhswdpAdanulmded @ucker et af RoA7ANIGhAelA A

Staab provided supervison for this analysis.

Statistical analysis

The main goal of the analysis was to test the possible interaction between the environmental
filters of vertical stratification and forest recovery. | therefore tested each of the obtained
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community metrics (species richness, trait CWMs, functional divensi indices and phylogenetic

diversity) in linear mixed effects models (LMES) against an interaction between recovery time and

OOOAOOI OOET ¢ OmBitesptAAIAAA A @il i Aaodetdoabtdal. 2p17).
Further, to test if species compogion overlap was sensitive to recovery time] regressed it in a

linear mixed effects model against recovery time and elevation.

To allow the incorporation of old-growth forests and agricultural areas into the analysis (even
though they are without a formd recovery age),l rank-transformed recovery time. Oldgrowth
forests received the highest rank, agricultural areas the lowest. Because the three collection
methods are hard to compare, average species richness differences among these strata might
influence some of the community metrics (for instance, FRic is highly correlated with species
richness). To minimize this possible relationship) added species richness to all LMEs as fixed
factor (except for the richness model itself). As species richness itsdlfl not change with recovery
time (see Supplement Fig.3$4), differences in species richness could only possibly interfere with
the stratification results. Collection year and plot ID were used as crossed random intercepts. Plot
ID is always associated with three strata collection events from the same day, whilglection year

is unigue for each plot (either 2018 or 2019).

Depending on the outcome ofthe LMEAD DI EAA AOOOEAO OAOOEI C8 ) £ OE
significant in an anova on a model] assessed differences in a pairwise posthoc procedure
(Bonferroni-Holm corrected; RDAAEACA Olfehth 21). Ddjedtories with statistically
OECT EEZEAAT O ZAE@AA EAAOTI O OOOOAOCOI &6 j AOO xEOEIT OC
classified as supporting the stratification hypothesis (Fig3.1, A).If a community metric changed
with recovery time (but without an interaction), | classified it as supporting the recovery
hypothesis (Fig.3.1, B). Note that this can include also metrics with significant stratum term. If an
interaction between recovery and stratum was significant in an anova on the model classified as
O00DPpPiI OO0 &£ 0 OEA OET @BOAAOEI T EUDPI OEAOEOS | &ECS8

If a metric belonged to either the recovery or the interaction hypothesid, created subsets of
each stratum and generated new LM&EwWith the same model structure (excluding the fixed factor
OOO0OA00I 8 AT A OAT AT T AEAAOTI O 001 i-dpecificiegovédyitimé. AOAET
This allowed me to assess whether community metrics in each of the strata increased, decreased,
or did not change. Finally,I classified the trait mean trajectories, which belonged to the
OE1 OAOAAOQEIT 1T EUDI OEAOGEOGh ET Oxi OAAT AOET 08 , AOC
the strata in old-growth forest compared to agriculture was clasE ZEAA AO OAEOAOCAT 08
I OAOI ADb xAO Al AOGOEZEAA AO OAT 1 OAOCAT 068

Testing for legacy effects (i.e., different pasture or cacao recovery trajectories) required a

separate procedure, because the ranttansformed recovery time included oldgrowth forests,
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xEEAE Al 1170 AAITTTC Oi Aexcluted gdgfowtd fordsts Gl GsedaU 8 4 E A
new linear-mixed effect models with the same fixed and random effects structure, but which

ET Al OAAA OEA ET OAOAAOQGEIT T OAGhInddeld Qe dssum@didnddf OAOU ¢
normality and homogeneity of variances. Fomll model residuals | also performed a test for

bl OEOEOA OPAOGEAI AQOT AT OOAI AGEAAEAGA OGABOT §qhl Tx

never the case.

3.4 RESULTS

Species composition

| sampled 284 morphospecies across all habitats, belonging to 58 genera (Supplement Table
S3.1). | found 2z 23 ant species per subsample (Fi®.4, A), with fewest species found in the leaf
litter (Fig 3.2, A). The taxonomic richness @as neither related to recovery time (p=0.12) nor land
use legacy (p=0.40) but increased with elevation (elevation estimate 0.008+0.003, p=0.004; Table
S3.2). The three collection methods resulted in three welseparated communities (PERMANOVA,
F=6.06, R=0.06, p<0.001, Fig3.2). There was clear stratification, with leaflitter being most
distinct from tree trunks, and ground being intermediate. Species turnover with recovery time
was pronounced across all strata (PERMANOVA, all p<0.001 arid®>B.36; TableS3.2; Fig.3.2).
Similarly, elevation influenced turnover except in the leaf litter (PERMANOVA, F=1.32~7R.21,
p=0.10; Table 8.2). Ant communities on the tree trunk and ground became more dissimilar to
each other with increasing forest recovery time andvith elevation (LME recovery time p=0.005,
elevation p=0.03; Table S.2). Ground and tree trunk species overlap with leaf litter was however

stable during recovery (all p>0.38; Table %2).
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Fig. 3.2 Non-metric multidimensional scaling (NMDS) of species composition for tree trunk
(T), ground (HS) and leaf EOOA O

plantations and pastures. The left NMDS (stress = 0.21) shows all strata (subgdes)

i 708

4EA OUDPA OAGCOEAOI OOOAS

Al

combined depicting the vertical stratification, while on the right each of the three strata is

plotted separately (stress: T = 0.23; HS = 0.19; W = 0.17). The influences of recovery time and

elevation on species composition are indicated as grey vext (all p<0.001; for detailed

statistics see Table $¢ (8

ITA OOAA OOAOGAI PI A

i ©4 10.mpbdq Al

community that would skew the ordination, which is why it is not shown in the ordination (but

included in statistical analyses).

Functional traits

Two of the three trajectory hypotheses were supported by the functional diversity indices,

irrespective of land-use legacy, which had no significant effect (Fi§.3; Table S$.3). The trajectory

i £ £O1 AGET T AI

AEODA

OO0ET 1

j GEARMA BN AH U B0 EGRORAG EOXO &

pronounced in tree trunk communities, followed by ground and leaf litter (Fig3.3 A; Table 8.3).

Functional divergence (FDiv) was invariant to all factors examined (Table33). However,

functional richness and evenn® O

j &2

EAh

&§%OAqQq OOPPT OOAA OEA OET O/

(Fig.3.3 B, C; Table &3). FRic was lowest in the leaf litter and stayed stable during recovery (Fig.

3.3; Table 8.3). Ground FRic decreased with recovery time, while tree trunks remagd at the

highest values and were stable across recovery time, but they were not significantly different from

the ground (Fig.3.3, B; Table 8.3). Tree trunk communities had the lowest FEve, followed by
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ground and leaf litter (Fig. 3 C; Table&3). Whilethe interaction term was significant in the model,

FEve did not change significantly with recovery time in any singlgratum (all p>0.13; Table 8.3).
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Fig. 3.3 Trajectories of phylogenetic diversity (A) and trait diversity (B-D) that were
consistent with the stratification or interaction hypothesis (indicated on top). The regression
line and 95% confidence intervals of each stratum are plotted. Colors indicaté&rata (green =
tree trunk; red = ground; blue = leaf litter). For the full statistical models see Supplement

Tables S2, S3, Sbhe phylogenetic diversity analysis was supervised by Michael Staab.

Among the 13 traits analyzed (correlations among raw trag shown in Fig. 8.2), only the

number of spines and femur length were uncorrelated to both stratum and recovery time
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(Community weighted means, Table 34). Head width showed a trajectory consistent with the
stratification hypothesis; sculpture and eye psition with the recovery hypothesis; and the
remaining eight traits with the interaction hypothesis (Fig.3.4; Table $.4). None of the traits were
correlated with elevation (all p>0.07; Table S8.4). Legacy only influenced mandible length,

however without a significant pairwise contrast (Table S.4).

4x] OOAEOOh OAADPA 1 Al g4¥ED;Adbld 347, Aivered i retoleryC OE j & |
time (i.e., strata became more dissimilar), while the remaining five traits converged over time (i.e.,
strata becane more similar): Color lightness, pronotum width, mandible length, clypeus length
and eye size (Fig. 4 J, B, F, E, G; TaBld)SA special case is head length, because its interaction
term is significant, but neither the intercept nor stratum differences are (Table 8.4). Thus, it was
neither converging nor diverging. As aexample, £l O A AEOAOCET ¢ OOAEOh
proxy for body size) is similar among strata at the initial state in the agriculture. Through an
ET AOAAOA 1 £ mhhdcdvéngtite ih theltrge@rink stratum (slope estimate 6.73+2.72

SE, p=0.02) but not in the ground (slope2.51+1.79, p=0.16; Table &3), both strata become

(@}
(114
I

separated over time (Fig3.4 A).

In contrast, color lightness had a convergentrajectory. In agriculture, there is a strong
differentiation with leaf litter being the lightest assemblages, and ground/tree trunk being darker.
Both tree trunks (slope 0.27+0.08, p<0.001) and ground (slope 0.23+0.09, p=0.01) show an
increase in color Ightness with recovery time, while that of the leaf litter show a slight decrease
(slope -0.23+0.09, p=0.01; Table &4), thus resulting in more similar color lightness in the older

forests.

Phylogenetic diversity

Mean phylogenetic distance values remairte similar across the entire chronosequence but
exhibited consistent differences among strata, thus supporting the stratification hypothesis (Fig.
3.3 D; Table 8.5). Communities were predominantly random in their phylogenetic structure,
however the tree trunk assemblage showed slight overdispersion with higher phylogenetic

diversity compared to ground and leadlitter assemblage (Fig3.3 D; Table 8.5).
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Fig. 3.4 Changes in functional structure across recovery time and strata, which are consistent
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with green (tree trunk), red (ground) and leaf litter (blue), and their trajectories to recovery

time are plotted from a linear model with 95% CI (Table $4).
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3.5 DISCUSSION

The re-assembly of an ant community durilg forest recovery was dynamic and shaped by
within -forest stratification. All three strata (leaf litter, ground, lower tree trunk) differed in their
re-assembly trajectories, particularly when functional traits were considered, which highlights
the complexity of community recovery. Environmental filters influenced the mean trait structure
(CWMs) of a large subset of the assessed traits (10 out of 13), which lead to stratgpecific
trajectories (interaction hypothesis) for eight out of 13 traits and for two aspects of their
functional trait diversity (FRic, FEve). While most trait trajectories were idiosyncraticl found that
Z contrary to initial expectations z in the majority of traits the differences across strata became
smaller with increasing recovery ime, indicating that stratification filters became more similar
and/or weaker when forest grew older. Interestingly, this change was masked in ant species
richness, phylogenetic diversity and functional dispersion (FDis), which were differentiated
among the strata, but neither changed nor interacted with recovery time. Previous research on
the role of stratification during forest recovery has been very restrictedWhitworth et al. 2019),
and my work incorporates evidence that communities have straturrspecific responses that must

be accounted for in biodiversity assessments.

Forest stratification was one of the main drivers of ant community differences in the forest. An
estimated half of ant diversity in a tropical forest is found in the vegetatiofKlimes etal. 2012,
Floren et al. 2014) Whilemy sampling did not include canopies due to logistic constraints, lower
tree trunks had a distinct assemblage and comparatively higher phylogenetic diversity, which was
likely due to evolutionary distinct lineages that specialized on this stratun{Sosiak andBarden
2020). Many of the more basal lineages of ants are confinded to the soil and litter, while above
ground ants are recruited from relatively few but specious and phylogenetically dispersed
lineages(Lucky et al. 2013) In line with the lower phylogendic diversity, leaf-litter assemblages
were comparatively diminished in functional dispersion, and had a higher functional eveness.
These patterns suggest that species are filtered towards one or few trait combinations that are
well adapted to living in the leaf litter layer, a prominent finding that has previously been
described for the trait diversity in stratified soil macroinvertebrate community (Ellers et al. 2018)
Stratification filters had pronounced effects on several key functional traits, whichra largely in
agreement with previous studies(Weiser and Kaspari 2006, Gibb et al. 2015)such as the
observed patterns in color lightness(Law et al. 2020) eye sizg(Schofield et al. 2016)and body
size(Silva andBranddo2010, Sosiak and Barden 2020Most likely, abiotic filters play a dominant
Of1TA ET ETOIEEITC AiTiiOTEOU AT A OOAEO OOOAOEEEAA
EUDI OEAOEOGhHh AiTii OT EOU OOOAOEAEAAOQETT 11 OOAAO i
are primarily temperature-driven (Scheffers et al. 2013) Temperature has almost certainly a
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strong influence on ant vertical stratification, as arboreal ant communties are weldapted to
temperature extremes(Kaspari et al. 2015) On the other hand, there is also promindrevidence
that biological filters have a dominant role in structuring ant communities, as competition for
limited nesting resources on trees are likely important drivers of community structurgWittman
et al. 2010, Plowman et al. 2020)

| observed strongcompositional shifts in the ant communities across all assessed strata with
forest recovery, though theywere not as pronounced as the differences imposed by stratification.
Although | sampled only a fraction of the available microhabitats, it is conceivéd that the
documented changes are representative of othemicrohabitats. such as the canopy. Indeed,
similar studies in the tropics that employed chronosequences found pronounced species turn
over,e.g.n the canopy or underground(Bihn et al. 2010, Schndlt et al. 2013). | expected that due
to larger, more diversified microhabitats, species community stratification would increase with
recovery time, and this was indeed the case in the comparison between ground and tree
communities. Comparisons with leafitter communities on the other hand did not reflect this
change, possibly because they were already composed of very distinct communities in early

recovery stages and agriculture.

| expected more evolutionary preserved lineages in the oldrowth forests compared to the
agricultural areas (Mo et al. 2013, Liu et al. 2016, Edwards et al. 2017l owever, phylogenetic
diversity was not related to recovery, indicating that during taxonomic turnover with recovery
time individual species are replaced by phylogenreally similar species (such as turnover of
species in the same genus) or higher clades were replaced by similarly distant lineages. Therefore,

ant phylogenetic diversity was more structured by stratification than by recovery.

With the potential to assesenvironmental effects on the community beyond species identity,
the functional trait perspective provides detailed information on the outcome of environmental
filters on the average community bauplarfKraft et al. 2007, Wong et al. 2019, de Bello at. 2021).
In line with the results for phylogenetic diversity, which mirror overall trait similarity, | found
that some of the multidimensional functional diversity indices (FDis and FDiv) remained constant
during recovery. These findings contradict somerevious outcomes of ant functional diversity
along disturbance gradient§RochaOrtega et al. 2018, Santoandré et al. 201,9)ut are supported
by others (Skarbek et al. 2020) Although not explicitly tested, the close proximity of all plots to
old-growth forests might have facilitated the high species richness and functional diversity found
in all plots by reducing the environmental filters imposed by dispersal limitation in more
fragmented landscapegChazdon et al. 2009, Dent and Wright 2009, Lennox dt 2018).

The relatively stable phylogenetic diversity and trait diversity are opposed to the patterns in

the trait structure (CWMSs), where almost all traits were related to recovery time. Environmental
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filtering during forest recovery, thus, shaped ant asemblages predominantly via single trait
averages. While resulting trait trajectories were complex, idiosyncratic and straturmspecific,l can
approximate trait trajectories in two distinct ways: with recovery time different strata either
became more simila (convergence) in average traits (CWMSs) or less similar (divergence). While
| expected that stratum differences would diverge because forest recovery should lead to a more
diversified niche space, the majority of traits converged (5 converge vs. 2 divergelrhere are
several possible ecological scenarios which may explain the observed patterns. More relaxed
stratification filters during forest recovery seem plausible due to abiotic filters, e.g. when leaf
litter, ground and lower tree trunks in the understory of an older forest are more similar in their
structure, microclimate and light conditions in contrast to pastures and plantations. Indeed, early
recovery stages and agricultural areas have a warmer, drier and more fluctuating microclimate
due to the lack of a buffering canopy cover present in oldjrowth forests (del Pliego et al. 2016,
De Frenne et al. 2019)Among the traits quantified byme, color lightness and eye size, both being
related to light availability, can be attributed to predominantly abidic filtering (Law et al. 2020)

In line with the expectation of relaxed abiotic filtering, both of these traits had converging
trajectories with recovery. Further, biotic filters such as competition are hypothesized to be
strongly stratum-dependent for art communities, with more competitive interaction on trees than
on the ground (Bluthgen and Stork 2007) If the relative importance of interspecific competition
decreases with recovery time, this may result in a more similar functional composition als
obseaved in my data. However, competitive ability is determined by behavior and not
morphological traits, which limits my ability to discriminate biotic versus abiotic filters. Most
likely, a mixture of different filters determined the functional re-assembly and were variable

between traits.

Mechanisms of community assembly are central to the understanding of the recovery of
ecosystems. Herel show for the first time how stratification is intertwined with re -assembly.
While | focus on ant communities, vertical stratification is prevalent across animal and plant taxa
(Schulze et al. 2001, Fermon et al. 2005, Laurans et al. 2014, Basset et al52Chmel et al. 2016)
Thus, the relaxed stratumspecific filtering with increasing forest recovery might represent a
more general rule for trait patterns that warrants confirmation across different biomes and taxa.
My study shows how community (re)assemby can be driven by a complex interplay of

environmental filters that lead to unexpected outcomes in the functional structure.
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3.8 SUPPLEMEN

Supplement for Hoenle, P.O. Stratification and recovery time jointly shape ant functional re

assembly in a Neotropical forestManuscriptin preparation for publication.

A Elevation[m] B Elevation[m]
&1 000 600 @
00 Q
) a3 @
g il g o 112 g% 700 %J@
™ 90 - - 600
2 ) ° * = 50 400 o =)
g o =
s gl
3 i . 200 j)‘
. _F & °°R 200 .
@
g4 ®
* 0 Treatment
3
= cacao  cacaoregeneration  pasture pasture regeneration old-growth © cacao
T T T T g :
-79.25 -79.20 -79.15 -79.10 ©  cacao regeneration
C Distances between Plots D  Elevation - Age Distribution © pasture
® @ pasture regeneration
600 ) ==
10000 @] © old-growth
[
@
=500 (@) ©
= @
E 3000 ©
3 E 400 ®
- = @S
% 1000 2 0 20
a 3 8
2 -
. 200 Vo
300 = @
@

cacao  cacao regeneration  pasture pasture regeneration old-growth 12 5 10 20 35 old-growth

Fig. 3.1 A: Map of all plots superimposed on an elevation heatmap of the study area, made
withthe -DAAEACA O OA OO Ahediraster.E-foigeiriprojectopyp) &: Elevational
distribution of each plot category.C: Distances between each plot within each category. The 'y
axis is logtransformed. Mean + SD distance is 5,799 + 3,373 m. The shott@ger-category
distance is 170 m, the longest is 13,403 nid: Relationship between elevation and recovery
time. The two variables are significantly correlated (linear model; fvalue = 4.38, R= 0.18, p
=0.003), and there is no difference between cacamd pasture landuse legacy (linear model;

F-value = 4.38, R=0.18, p = 0.10)Thanks to Nico Bluthgen for his supervision and plot choice.

88



SlLrel

FLrel

o H

EyePosrel | 0.24 | 0.19

EyePosrel

ClLrel

ClLrel | 03 | 0.27

MEWrel | 0.24 | 0.22

o
=

-
MEWrel

c
T 3
HLrel | 0.16 | 0.06 | 0.33 | 0.06 | 0.17 | F E|
]
=
Spine_mean | 024 | 03 {004 (009 | 0 |008| & _
[«
HWrel | 0.02 | 0.13 | 0.16 | 0.08 | 0.25 | 0.36 | 0.28 %
) c
2 @
MLrel | 0.1 | 0.04 |-0.07 | 0.06 | -0.19 | 0.26 [ 0.36 | 0.46 | S  _ g
2 |
= 2
PWrel | -0.25 | -0.09 | 0.07 | 0.1 | 0.16 | 0.22 | 0.01 016 | & 3
Q
>
Sculpture_mean | -0.2 | -0.01 | -0.11 | -0.01 | -0.01 | -0.08 | 0.43 | 0.39 | 0.25 | 0.31 | (3
—
WL | -0.1 |-005|-014|-0.04| 0 [-036(-0.13| 002 [-023| 0.1 |022 | =

Col_mean | -0.04 | -0.04 | -0.12 | -0.08 | -0.16 | -0.02 | 0.01 | -0.22 | 0.14 | -0.22 | -0.14 | -0.35

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 3.2 Correlation plot of all measured ant traits. Blue indicates a positive, red a negative
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recovery sequence. The regression line and 95% confidence intervals of each stratum are

plotted. Colors indicate strata (green = tree trunk; red = ground; blue = leaf litter). Bothave

a trajectory consistent with the stratification hypothesis. For the full statistical models see

Table 8.2 and Tabk S3.3.
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plotted with a regression line and 95% CI. For the full models see Supplement Tab@R2S
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Fig. $3.5. Morphological and phylogenetic differences between the three strata and induced
morphological changes with recovery time. The middle ant on the left side represents the
ground assemblage, which serves as comparison baseline for the tree and lkthér

community. Phylogenetic trees show all genera found per stratum, with colors indicating
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traits that were measured, but did not change (either between stratum: uppdeft & lower left;

or induced by recovery, all ants at to the right). Blueolored traits indicate a significant
increase, while orange indicates a significant decrease. Three body parts are represented by
Oxi AEAZAOAT O OOAEO I AAGGahiadd pturh WidtO Head: | A d
head length and head width; Eye: Eye size and Eye positioning). If any of these trait means
were significant, | colored the whole part. Legs indicate changes in femur length, spines the
amount of spines, mandibles the madiible length, clypeus the clypeus length, and the antenna

the scape length. Note that on the left side, only significant differences between either tree
trunk and ground or leaflitter and ground are highlighted, i.e. not those between tree and leaf

litter .
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Table S3.1 Species list of the ants collected during this study. In total, 284 species were collected. They are
sorted alphabetically within subfamilies. Further given are the sum of occurences for each stratum and the

number of individuals measured for the trait aralysis.

Species n Leaf litter  Ground Tree
measured

Amblyoponinae
Prionopelta amabilis 4 5 0 0
Prionopelta modesta 4 8 5

Dolichoderinae

Aztecasp.A 2 0 0 2
Aztecasp. B 0 0 0 1
Aztecasp. C 2 0 0 2
Aztecasp. D 0 0 0 1
Aztecasp. E 2 0 0 1
Aztecasp. F 2 0 0 1
Aztecasp.G 0 0 0 1
Aztecasp.H 0 0 0 1
Aztecasp.| 2 0 0 4
Aztecasp.J 0 0 0 1
Aztecasp.K 0 0 1 1
Aztecasp.L 1 0 0 1
Aztecasp.O 0 0 0 1
Aztecasp.P 1 0 0 2
Aztecasp.Q 0 0 0 1
Dolichoderus baenae 2 0 1 5
Dolichoderusct. bispinosus 2 0 0 3
Dolichoderusct. validus 2 0 1 2
Dolichoderus lamellosus 2 0 0 1
Dolichoderus laurae 0 0 0 1
Linepithema piliferum 3 2 7 6
Linepithema tsachila 3 0 1 3
Tapinoma ramulorum inrectum 6 0 0 4
Tapinomasp. A 0 0 0 1
Tapinomasp.C 4 0 1 3
Dorylinae

Eciton burchellii 2 0 1 2
Eciton lucanoides 3 0 1 0
Neivamyrmexsp. A 1 0 1 0

Ectatomminae
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Ectatomma goninion
Ectatomma ruidum
Ectatomma tuberculatum
Gnamptogenysnnulata
Gnamptogenys banksi
Gnamptogenysf. brunnea
Gnamptogenysf. enodis
Gnamptogenys concinna
Gnamptogenys continua
Gnamptogenys extra
Gnamptogenys haenschi
Gnamptogenys horni
Gnamptogenys minuta
Gnamptogenysir. banski
Gnamptogenys porcata
Gnamptogenys regularis
Gnamptogenys sulcata
Gnamptogenys tornata
Typhlomyrmex pusillus
Typhlomyrmex rogenhoferi
Typhlomyrmexsp. A

Formicinae

Acropygacf. guianensis
Acropyga fuhrmanni
Brachymyrmex cavernicola
Brachymyrmexcf. australis
Brachymyrmexcf. termitophilus
Brachymyrmex pictus
Brachymyrmexsp.A
Brachymyrmexsp.B
Camponotu<f. brettesi
Camponotu<f. senex
Camponotus novogranadensis
Camponotus sericeiventris
Camponotusp.A
Camponotusp.B
Myrmelachistasp. B
Nylanderiacf. guatemalensis
Nylanderiasp. A
Nylanderiasp. B
Nylanderiasp.C
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Nylanderiasp.D
Nylanderiasp.F
Nylanderiasp.G
Nylanderia steinheilicomplex

Heteroponerinae
Acanthoponera minor
AcanthoponeraPH1

Myrmicinae

Acromyrmexcf. octospinosus
Acromyrmexcf. volcanus
Adelomyrmexsp.A
Apterostigma carinatum
Apterostigma chocoense
Apterostigmasp. A

Atta cephalotes
Cardiocondyla emeryi

Cardiocondyla minutior
Carebara brevipilosa
Cephalote<f. peruviensis
Cephalotexf.umbraculatus
Crematogaster arcuata
Crematogaster brasiliensis
Crematogaster carinata
Crematogastercf. flavomicrops

Crematogaster crinosa complex

Crematogaster curvispinosa
Crematogaster limata
Crematogaster longispina
Crematogaster nigropilosa
Crematogaster raptor
Crematogaster sotobosque
Crematogastersp.A
Crematogaster tenuicula
Cyphomyrmescastagnei
Cyphomyrmeycf. bicarinatus
Cyphomyrmexf.cornutussp.A
Cyphomyrmexcf. cornutussp. B
Cyphomyrmexf.cornutussp.C
Cyphomyrmex costatus

Cyphomyrmex longiscapus
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Cyphomyrmexr. rimosussp. A
Cyphomyrmexr. rimosussp. B
Cyphomyrmer. salvinisp.B
Cyphomyrmer. salvinisp. C
Eurhopalothrix xibalba
Hylomyrma montana
Lachnomyrmexcf. haskinsi
Lenomyrmex foveolatus
Megalomyrmex bidentatus
Megalomyrmex incisus
Megalomyrmex leoninugroup sp.A
Megalomyrmex leoninugroup sp.B
Megalomyrmex leoninugroup sp.C
Megalomyrmex modestugroup sp.A
Megalomyrmexsp. A
Monomorium floricola
Mycecopurus tardus
Mycetomoellerius isthmicus
Mycetomoelleriusp. A
Mycetomoelleriusp.B
Nesomyrmex asper
Octostrumacf. amrishi
Octostrumacf. gymnogon
Octostrumacf. onorei
Octostruma stenoscapa
Paratrachymyrmex bugnioni
Paratrachymyrmex cornetzi
Pheidolecf. anastasii
Pheidolecf. boliviana
Pheidolecf. cataphracta
Pheidolecf. excubitor
Pheidolecf. flavens

Pheidolecf. harrisonfordi
Pheidolecf. hazenae
Pheidolecf.jaculifera
Pheidolecf. simonsi
Pheidolecf.tennantae
Pheidolecf. unicornis
Pheidolecf. verricula

Pheidole colobopsis

Pheidole dilligengroup sp. A
Pheidole dilligengroup sp.B
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Pheidole ectatommoides

Pheidole fallaxgroup sp.A
Pheidole fallaxgroup sp.C
Pheidole fallaxgroup sp.D
Pheidole fallaxgroup sp.E
Pheidole fallaxgroup sp.F
Pheidole fallaxgroup sp.G
Pheidole fallaxgroup sp. |

Pheidole fallaxgroup sp.K
Pheidole flavengroup sp.A
Pheidole flavengroup sp.D
Pheidole flavengroup sp.E
Pheidole flavengroup sp. G
Pheidole flavengroup sp.H
Pheidole flavengroup sp.L

Pheidole flavengroup sp.
Pheidole flavengroup sp.
Pheidole flavengroup sp.
Pheidole flavengroup sp.
Pheidole flavengroup sp.
Pheidole flavengroup sp.
Pheidole flavengroup sp.
Pheidole flavengroup sp.
Pheidole flavengroup sp.
Pheidole flavengroup sp.

s <cH»wwnmoOo VO ZEZ

Pheidole flavengroup sp.
Pheidole flavengroup sp.Z
Pheidole gauthieri
Pheidoleguyasana

Pheidole nitella

Pheidolenr. ajax

Pheidolenr. exquisita
Pheidolenr. onyx

Pheidolenr. specularis
Pheidole perpusilla

Pheidole perpusillagroup sp. A
Pheidoleperpusillagroup sp. B
Pheidole rhinomontana
Pheidole rugiceps

Pheidole sensitiva

Pheidole tristisgroup sp. A
Pheidole tristisgroup sp. B
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Pheidole ulothrix
Pheidole vorax

Pheidole zeteki
Rogeriacf. belti
Rogeriacf.leptonana
Rogeria gibba

Rogeria inermis

Rogeria scandens
Rogeriasp.A
Sericomyrmexcf. amabilis
Solenopsis bicolor
Solenopsigf. brevicornis
Solenopsigf. stricta
Solenopsigf. zeteki
Solenopsis geminata
Solenopsis modesigroup lump
Solenopsisp.A
Solenopsisp. B
Solenopsisp.C
Solenopsisp. D
Solenopsisp.E
Solenopsisp. F
Solenopsis subterranea
Stenamma schmidti
Strumigenys biolleyi
Strumigenys cascanteae
Strumigenys denticulata
Strumigenyseggersi
Strumigenys fridericimuelleri
Strumigenys gundlachi
Strumigenys gundlachgroup sp. A
Strumigenys lalassa
Strumigenys longispina
Strumigenys louisianae
Strumigenysmyllorhapha
Strumigenys nigrescens
Strumigenys oconitrilloae
Strumigenys schulzi
Strumigenyssp. A (=S ayersthey
Strumigenys spathula
Strumigenys trinidadensis

Tranopelta gilva
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Wasmannia auropunctata
Wasmannia sigmoidea

Paraponerinae
Paraponera clavata

Ponerinae

Anochetus diegensis
Anochetus mayri
Anochetus simoni
Hypoponeracf. distinguenda
Hypoponeracf. parva
Hypoponerasp. A
Hypoponerasp.B
Hypoponerasp. D
Hypoponerasp.E
Hypoponerasp. F
Hypoponerasp. G
Hypoponerasp. |
Hypoponerasp. J
Hypoponerasp.K
Hypoponerasp.L
Hypoponerasp.N
Leptogeny<f. punctaticeps
Leptogenysp.B
Leptogenysp.C
Odontomachus bauri
Odontomachus chelifer
Odontomachusastatus
Odontomachus meinerti
Odontomachusp.A
Pachycondyla harpax
Pachycondyla impressa
Platythyrea angusta
Platythyrea prizo

Pseudoponeraf. succedanea

Pseudoponera stigma

Rasopone (=Mayaponera) arhuaca

Neoponera apicalis
Neoponera bugabensis
Neoponera carinulata
Neoponera laevigata
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Neoponera striatinodis
Neoponera villosa

Proceratiinae
Discothyrea sexarticulata

Proceratium convexiceps

Pseudomyrmecinae
Pseudomyrmex boopis

Pseudomyrmex graciligroup sp. A
Pseudomyrmex oki
Pseudomyrmex pallidugroup sp. A
Pseudomyrmex pallidugroup sp. B
Pseudomyrmex spiculus
Pseudomyrmex subater
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Table S3.2 Statistical results for analysis orspecies richness from FigS3.3 A andspecies composition from
Fig.3.2. The table shows results from PERMANOVA, envit vectors and linear mixed effects models (LME).
The anova in parentheses indicates an anova test on the model for significance. When testing for legacy
effects| used a dataset without oldgrowth forests (seemethods). Significant p-values are highlighted in

bold. Nico Blithgen and Michael Staab provided supervision on the statistical analysis.

Composition Dissimilarity: HS vs. T

- LME Estimates SE p
Intercept 0.7768 0.0484 <0.0001
Elevation[m] -0.0001 0.0002 0.5655
Richness 0.0035 0.0039 0.3746
Recovery Time 0.0027 0.0001 0.0029
- Legacy (anova) 0.4498
- Legacy * Recovery Time 0.7088
(anova)

Composition Dissimilarity: HS vs. W

-LME Estimates SE p
Intercept 0.8057 0.0360 <0.0001
Elevation[m] 0.0003 0.0001 0.0163
Richness -0.0020 0.0031 0.5360
Recovery Time -0.0007 0.0008 0.3892
- Legacy (anova) 0.3241
- Legacy * Recovery Time 0.4325
(anova)

Composition Dissimilarity: T vs. W

- LME Estimates SE p
Intercept 0.9092 0.0266 <0.0001
Elevation[m] <0.0001 0.0001 0.7870
Richness 0.0012 0.0020 0.5710
Recovery Time 0.0002 0.0005 0.7230
- Legacy (anova) 0.3241
- Legacy * Recovery Time 0.4325
(anova)

Species Richness

-LME Estimates SE p
Intercept 6.5560 1.6816 0.0307
Elevation [m] 0.0080 0.0027 0.0042
Recovery Time 0.0461 0.0301 0.1278
- Marginal Re/ 0.2286/

Conditional R 0.3879
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- Stratum*Recovery
Time (anova)

- Legacy(anova)

- Legacy*Recovery Time
(anova)

- Stratum (anova)

- contrast estimate

(Holm-adj.)
Ground- Tree -1.0656 0.6823
Ground- Leaf litter 2.7705 0.6823
Tree - Leaf litter 3.8361 0.6823
Species Composition Tree Trunk
- PERMANOVA R2 F
Elevation [m] 0.0312 1.974
Recovery Time 0.0364 2.301
Species Composition Leaf litter
- PERMANOVA R2 F
Elevation [m] 0.0207 1.3158
Recovery Time 0.0428 2.7236
Species Composition Ground
- PERMANOVA R2 F
Elevation [m] 0.0292 1.9066
Recovery Time 0.0495 3.2307

0.9747

0.4004
0.1777

0.0256

0.1210
0.0002
<0.0001

p
0.0002

<0.0001

p
0.0954

<0.0001

0.0032
<0.001
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Table S3.3 Model outputs for the functional diversity indices, which are shown in Fig3.3, AC. The table

shows linear mixed effects model (LME) results and subsequent pekbc tests. For each functional diversity

index, | indicated if its trajectory was consistent with the stratification or interaction hypothesis. The anova
inbracketsindicA OAO AT AT T OA OAOGO 11 OEA 11 AAI 1gppledacodraBOAOOI &
as posthoc procedure to test specifically between the strata. If recovery time or an interaction was

significant in the LME | tested the recovery trajectoryl £ AAAE OOAOAO OADPAOAOGAI U j O62A
When testing for legacy effectsd used a dataset without oldgrowth forests (see methods).Significant p-

values are highlighted in bold.Nico Blithgen aad Michael Staab provided supervision on the stattical

analysis.
Functional Divergence
-LME Estimates SE p
Intercept 0.7968 0.0192 <0.0001
Elevation [m] <0.0001 <0.0001 0.687
Recovery Time 0.0004 0.0005 0.420
Richness -0.0018 0.0012 0.119
Marginal R¢/ Conditional R? 0.0308/
0.0308
- Legacy (anova) 0.8463
- Legacy* Recovery Time (anova) 0.9459
- Stratum (anova) 0.6305
- Stratum*Recovery Time (anova) 0.7863
Functional Richness: Interaction Hypothesis
-LME Estimates SE p
Intercept 0.0040 0.0055 <0.0001
Elevation [m] <0.0001 1.202e-05 0.2156
Recovery Time -0.0003 0.0001 0.0214
Richness 0.0034 0.0033 <0.0001
- Marginal Ré / Conditional R2 0.250/ 0.3578
- Legacy (anova) 0.1337
- Legacy*Recovery Time (anova) 0.0699
- Stratum (anova) <0.0001
- Stratum*Recovery Time (anova) 0.0171

-contrast estimate (Holm-ad,j.)

Ground- Tree -0.0016 0.0032 0.6238
Ground- Leaf litter 0.0156 0.0033 <0.0001
Tree - Leaf litter 0.0171 0.0035 <0.0001
- Recovery subset models

Tree subset <0.0001 <0.0001 0.8173
Leaf litter subset 0.0002 0.0002 0.1322
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Ground subset

Functional Eveness:

-LME

Intercept

Elevation [m]

Recovery Time

Richness

- Marginal R/ Conditional R2

- Legacy (anova)

- Legacy * Recovery Time (anova)
- Stratum (anova)

- Stratum*Recovery Time (anova)
-contrast estimate (Holm-adj.)
Ground- Tree

Ground - Leaf litter

Tree- Leaf litter

- Recovery subset models

Tree subset

Leaf litter subset

Ground subset

-0.0003

0.0001

Interaction Hypothesis

Estimates
0.9437
<0.0001
0.0002
0.0008
0.2070/
0.2070

0.0072
-0.0094
-0.0165

-0.0001
-0.0001
0.0003

SE
0.0048
<0.0001
0.0001
0.0003

0.0028
0.0029
0.0031

0.0001
0.0001
0.0002

Functional Dispersion: Stratification Hypothesis

-LME

Intercept

Elevation [m]

Recovery Time

Richness

- Marginal R2/ Conditional R2

- Legacy (anova)

- Legacy * Recovery Time (anova)
- Stratum (anova)

- Stratum*Recovery Time (anova)
- contrast estimate (Holm-adj.)
Ground- Tree

Ground - Leaf litter

Tree - Leaf litter

Estimates
0.0869
-<0.0001
-0.0002
0.0005
0.4573/
0.4992

-0.0092
0.0226
0.0318

SE
0.0057
<0.0001
0.1217
0.0003

0.0028
0.0029
0.0030

0.0328

p
<0.0001

0.2886
0.0433
0.0048

0.2775
0.4675
0.0100
0.0269

0.0108
0.0032
<0.0001

0.2315
0.3425
0.1280

p
<0.0001

0.8419
0.2041
0.1147

0.3996
0.2226
<0.0001
0.1609

0.0013
<0.0001
<0.0001
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Table S3.4 Model output for the trait community weighted mean trajectories, which are shown in Fig3 4.

For each trait,| indicated if its trajectory was consistent with the stratification or interaction hypothesis.
AEA ATT OA ET AOAAEAOO ET AEAAOAO Al
applied a contrast as poshoc procedure to test specifially between the strata. If recovery time or an

interaction was significant in the LME, we tested the recovery trajectory of each subset separately

i 02AAT OAOU OOAOGAOD

methods). Significant pvalues are highlighted in bold. Nico Blithgen aad Michael Staab provided

supervision on the statistical analysis.

AT T OA OAOGOD

OE/

i T AAT O8 Quedn Hafabet Withio@ Qldgiov@h feEdst® (sdeACAA U A

Head Width CWM: Stratification Hypothesis

-LME

Intercept

Elevation [m]

Recovery Time

Richness

- Marginal Rz / Conditional R2

- Legacy (anova)

Estimates
28.6321
-0.0043
-0.3512
-0.1502
0.1362/
0.2074

- Legacy*Recovery Time (anova)

- Stratum (anova)
-Stratum*Recovery Time

(anova)

- contrast estimate (Holmad,.)

Ground- Tree
Ground- Leaf litter

Tree - Leaf litter

Sculpture CWM: Recovery Hypothesis

-LME

Intercept

Elevation [m]

Recovery Time

Richness

- Marginal R/ Conditional R2

- Legacy (anova)
- Legacy *Recovery Time

(anova)

-7.9736
23.4133
31.3869

Estimates
2.2848
-0.0004
-0.0049
-0.0077
0.1410/
0.1791

SE
13.9148
0.0273
0.3028
0.7494

6.9097
7.1953
7.4905

SE

0.0868
0.0002
0.0022
0.0051

p
0.0603

0.8763
0.2477
0.8414

0.1197
0.1625
0.0001
0.0526

0.2508
0.0029
0.0002

< 2e-16
0.0757
0.0238
0.1313

0.8631
0.9489
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- Stratum (anova)

- Stratum*Recovery Time

(anova)

- Recovery subset models

Tree Recovery Time <0.0001
Leaf litter Recovery Time -0.0025
Ground Recovery Time -0.0038
- contrast estimate (Holm-adj.)

Ground- Tree 0.0168
Ground- Leaf litter 0.1937
Tree - Leaf litter 0.1769

-LME
Intercept
Elevation [m]
Recovery Time

Richness

Estimates
12.5731
0.0151
-0.5956
-0.3387

- Marginal Rz / Conditional R2 0.3020/

0.3752
- Legacy (anova)
- Legacy * Recovery Time
(anova)
- Stratum (anova)
- Stratum*Recovery Time
(anova)
- contrast estimate (Holmad,.)
Ground- Tree -22.7456
Ground- Leaf litter 6.2510
Tree - Leaf litter 28.9966
- Recovery subset models
Ground Recovery Time -0.5316
Leaf litter Recovery Time -0.4398
Tree Recovery Time -0.5397

-LME
Intercept
Elevation [m]

Recovery Time

0.0022
0.0026
0.0022

0.0491
0.0491
0.0491

Eye Position CWM: Recovery Hypothesis

SE

7.2302
0.0170
0.1786
0.4210

3.8967
4.0981
4.3043

0.1679
0.1461
0.2527

Color CWM: Interaction Hypothesis

Estimates
47.6032
0.0016
0.2261

SE

3.4072
0.0077
0.0791

0.0007
0.0990

0.9973
0.3517
0.0811

0.7300
0.0007
0.0025

0.0841
0.3793
0.0011
0.4222

0.4466
0.7341

0.0002
0.6021

<0.0001
0.1297
<0.0001

0.0025
0.0040
0.0370

p
<0.0001

0.8333
0.0050
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Richness 0.4892
- Marginal Ré / Conditional R2 0.2863/

0.3963
-Stratum (anova)
- Stratum*Recovery Time
(anova)
- Legacy (anova)
- Legacy*Recovery Time (anova)
- contrast estimate (Holmadj.)
Ground- Tree 2.1554
Ground- Leaf litter -9.4887
Tree - Leaf litter -11.6442
- Recovery subset models
Ground Recovery Time 0.2267
Leaf litter Recovery Time -0.2422
Tree Recovery Time 0.2722

Pronotum Width CWM: Interaction Hypothesis

- LME Estimates

Intercept 36.0498

Elevation [m] 0.0091

Recovery Time -0.63841

Richness -1.0910

- Marginal Ré / Conditional R2 0.1859/
0.4189

- Legacy (anova)

- Legacy*Recovery Time (anova)
- Stratum (anova)

- Stratum* Recovery Time
(anova)

- contrast estimate (Holmad,.)

Ground- Tree -9.7953
Ground- Leaf litter 11.6867
Tree - Leaf litter 21.4820
- Recovery subset models

Ground Recovery Time -0.3791
Leaf litter Recovery Time -0.0503
Tree Recovery Time -1.1354

Scape Length CWM: Interaction Hypothesis

-LME Estimates
Intercept -0.6435

0.1906

1.6951
1.7740
1.8551

0.0871
0.0920
0.0762

SE
10.3645
0.0262
0.2478
0.5599

4.7780
5.0238
5.2755

0.2108
0.1593
0.3717

SE
0.1608

0.0112

<0.0001
<0.0001

0.0550
0.0744

0.2060
<0.0001
<0.0001

0.0118
0.0109
0.0007

p
0.0012

0.7304
0.0111
0.0534

0.1362
0.3068
<0.0001
0.0016

0.0433
0.0433
0.0013

0.0774

0.7531
0.0034

0.0002
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Elevation [m] 0.0006 0.0035

Recovery Time 0.9251 0.3949
Richness 1.951 0.9511
- Marginal R/ Conditional R2 0.2332/

0.2332

- Stratum* Recovery Time
(anova)

- Stratum (anova)

- Legacy (anova)

- Legacy* Recovery Time (anova)

- Recovery subset models

Ground Recovery Time 0.8860 0.3744
Leaf litter Recovery Time -0.5900 0.3286
Tree Recovery Time 1.4972 0.5679

Clypeus Length CWM: Interaction Hypothesis

- LME Estimates SE
Intercept 44.2905 8.4672
Elevation [m] -0.0087 0.0182
Recovery Time -0.8019 0.2069
Richness -1.1781 0.5002
- Marginal R2/ Conditional R2 0.2799/

0.2987

- Legacy (anova)

- Legacy * Recovery Time
(anova)

- Stratum (anova)

- Stratum*Recovery Time
(anova)

- contrast estimate (Holmadj.)

Ground- Tree -22.6480 4.81238
Ground- Leaf litter 9.9380 5.03184
Tree - Leaf litter 32.586 5.2578
- Recovery subsemodels
Ground Recovery Time -0.698 0.1714
Leaf litter Recovery Time -0.2732 0.1471
Tree Recovery Time -0.7623 0.3043
Head Length CWM: Interaction Hypothesis
- LME Estimates SE
Intercept -13.0733 11.1391
Elevation [m] 0.0086 0.0263

0.9867
0.0203
0.0433

<0.0001

0.0792
0.4491
0.6334

0.0214
0.0779
0.0108

p
<0.0001

0.6337
0.0002
0.0205

0.4223
0.4712

<0.0001
0.0214

<0.0001
0.0505
<0.0001

0.0001
0.0686
0.0152

p
0.2424

0.7444
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Recovery Time 0.4439 0.2751 0.1086

Richness 0.2089 0.6478 0.7475
- Marginal R/ Conditional R2 0.0659/

0.1689
- Legacy (anova) 0.6153
- Legacy*Recovery Time (anova) 0.8816
- Stratum (anova) 0.0504
- Stratum*Recovery Time 0.0230
(anova)

- Recovery subset models

Ground Recovery Time 0.2773299 0.3493535 0.4306
Leaf litter Recovery Time -0.2819231 0.2113474 0.1875
Tree Recovery Time 0.75100227 0.31975011 0.0223

7AAA08 O , Aln@@dionHypetidesis

-LME Estimates SE p
Intercept 1278.6596 119.5524 0.0017
Elevation [m] 0.0279 0.1794 0.8769
Recovery Time -1.9746 1.9847 0.3212
Richness -0.9566 49423 0.8468
- Marginal Ré / Conditional R2 0.5067/

0.6169
- Legacy(anova) 0.4688
- Legacy*Recovery Time (anova) 0.1015
- Stratum (anova) <0.0001
- Stratum*Recovery Time 0.0078
(anova)

- contrast estimate (Holmad,.)

Ground- Tree -162.9934 45.1853 0.0005
Ground- Leaf litter 485.6714 46.9930 <0.0001
Tree - Leaf litter 648.6648 48.8640 <0.0001
- Recovery subset models

Ground Recovery Time -2.5107 1.7920 0.1667
Leaf litter Recovery Time 3.9682 1.7579 0.0279
Tree Recovery Time 6.7283 2.7224 0.0165

Mandible Length CWM: Interaction Hypothesis

-LME Estimates SE p

Intercept -4.9406 10.7036 0.6457
Elevation [m] -0.0114 0.0240 0.6371
Recovery Time 0.3502 0.2644 0.1871
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Richness 0.3615 0.6309 0.5684
- Marginal Ré / Conditional R2 0.1203/

0.1526
- Legacy (anova) 0.0391
- contrast estimate (Holmadj.)
cacao- pasture 9.98 5.44 0.0744
- Legacy*Recovery Time (anova) 0.1656
- Stratum (anova) 0.0007
- Stratum*Recovery Time 0.0238
(anova)
- contrast estimate (Holmadj.)
Ground- Tree 12.6941 6.0236 0.0744
Ground- Leaf litter -5.9885 6.3192 0.3451
Tree- Leaf litter -18.6826 6.6227 0.0167
- Recovery subset models
Ground Recovery Time 0.4283 0.1772 0.0189
Leaf litter Recovery Time -0.1192 0.2082 0.5693
Tree Recovery Time 0.9527 0.4272 0.0297

Maximum Eye Width CWM: Interaction Hypothesis

-LME Estimates SE p
Intercept 33.7688 8.7952 0.0002
Elevation [m] 0.0124 0.0202 0.5435
Recovery Time -0.8937 0.2177 <0.0001
Richness -0.6791 0.5158 0.1897
- Marginal Rz/ Conditional R 0.4629/

0.4994
- Legacy (anova) 0.1073
- Legacy*Recovery Time (anova) 0.5820
- Stratum (anova) <0.0001
- Stratum*Recovery Time 0.0024
(anova)

- contrast estimate (Holm-adj.)

Ground- Tree -25.4758 4.8628 <0.0001
Ground- Leaf litter 21.4291 5.1101 0.0001
Tree - Leaf litter 46.9049 5.3635 <0.0001
- Recovery subset models

Ground Recovery Time -0.8681 0.1821 <0.0001
Leaf litter Recovery Time -0.6701 0.1588 8.5896
Tree Recovery Time -1.2897 0.3160 0.0001
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-LME

Intercept

Elevation [m]

Recovery Time

Richness

- Marginal R/ Conditional R2

- Legacy (anova)

- Legacy * Recovery Time
(anova)

- Stratum (anova)

- Stratum*Recovery Time
(anova)

- Stratum (anova)

-LME

Intercept

Elevation [m]

Recovery Time

Richness

- Marginal Re/ Conditional R2

- Legacy (anova)

Spines CWM
Estimates
1.3140
-0.0004
-0.0060
0.01441
0.0396/
0.0427

SE

0.2365
0.0005
0.0059
0.0140

Femur Length CWM

Estimates
-4.2872
-0.0209
-0.8496
1.6126
0.1847/
0.1847

-Legacy*Recovery Time (anova)

- Stratum (anova)
- Stratum*Recovery Time

(anova)

Head Width CWM: Stratification Hypothesis

-LME

Intercept

Elevation [m]

Recovery Time

Richness

- Marginal R/ Conditional R2

- Legacy (anova)

Estimates
28.6321
-0.0042
-0.3512
-0.1502
0.1362/
0.2074

- Legacy*Recovery Time (anova)

- Stratum (anova)

SE
21.4078
0.0468
0.5325
1.2648

SE
13.9148
0.0273
0.3028
0.7494

p
<0.0001

0.412
0.306
0.304

0.2315
0.4655

0.6004
0.9315

0.1921

0.842
0.656
0.112
0.20

0.5596
0.8826
0.1136
0.9055

0.0603
0.8764
0.2477
0.8414

0.1197
0.1625
0.0001
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-Stratum*Recovery Time 0.0526
(anova)

- contrast estimate (Holm-adj.)

Ground- Tree -7.9736 6.9097 0.2508
Ground- Leaf litter 23.4133 7.1953 0.0029
Tree - Leaf litter 31.3869 7.4905 0.0002

Table S3.5 Model output for the phylogenetic diversity trajectory from Fig. 3.3 D, which was consistent
with the stratification hypothesis. The anova in brackets indicates an anova test on the model. Because
O0300A00I 8 xAO OE CdpglieEi AoAtiaghas BdshoOpfokedukd td té€stispecifically between
the strata. When testing for legacy effectd used a dataset without oldgrowth forests (see methods).
Significant p-values are highlighted in boldNico Blithgen and Michael Staab provided supervision on the

statistical analysis.

Phylogenetic Diversity: Stratification = Hypothesis

- LME Estimates SE p
Intercept 0.0408 0.2766 0.8839
Elevation [m] 0.0002 0.0006 0.7159
Recovery Time 0.0103 0.0063 0.1065
Richness -0.0031 0.0157 0.0467
- Marginal R2/ Conditional R2 0.0806/

0.1099
- Legacy (anova) 0.5089
- Legacy*Recovery Time (anova) 0.6479
- Stratum (anova) 0.0498
- contrast estimate (Holmad,.)
Ground- Tree -0.3934 0.1461 0.0195
Ground- Leaf litter 0.1027 0.1525 0.4933
Tree - Leaf litter 0.4961 0.1586 0.0076
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4.1 ABSTRACT

One of the argest species in its genus)dontomachus davidsorioenle, Lattke & Donosm.sp. is
described from workers and queens collected at lowland forests in the Cho&#arién bioregion in
coastal Ecuador. The workers are characterized by their uniform red coloriat, their large size
(16-18 mm body length), and their frontal head striation that reaches the occipital margin. We
provide DNA barcodes CO) and high resolution 2D images of the type material, as well as an
updated key for the Neotropical species oBdmtomachus In addition, we present, for the first
time in a species description, dhree-dimensional digital model of the worker holotype and a
paratype queen scanned with DISC3D based on photogrammetry. Findings of large and
conspicuous new species are uncommon around the world and suggest that these Ecuadorian

rainforests may conceal many more naturdreasures that deserve conservation.

Resumen

Describimos una especie nueva, entre las mas grandes conocidas del gér@dontomachuslLa
nueva especieOdontomachus davidsortiloenle, Lattke & Donosm. sp., es descrita a partir de
obreras y reinas recolectadas en bosques de tierras bajas en la bioregion Chbadién de la costa

del Ecuador. Las obreras se caracterizan por su coloracion rojiza uniforme, su grande tamafio
(largo del cuerpo 16-18 mm), y la estiacion del frente cefalico que alcanza el margen occipital.
Proveemos cédigos de barras de DNAQ) e imagenes 2D de alta resolucion para el material tipo

y asi como una guia de identificacion actualizada para las especies neotropicales del género
Odontanachus Por primera vez en una descripcion de especies, se proveen imagenes 3D de un
escaner fotogramétrico DISC3D. Los hallazgos de especies grandes y conspicuas son poco
comunes alrededor del mundo y sugieren que estos bosques lluviosos ecuatorianos pemed

contener muchos mas tesoros naturales que merecen ser conservados.
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4.2 INTRODUCTION

Members of the genusOdontomachud.atreille, 1804 are among the most conspicuous and
recognizable ants of the subfamily Ponerinae. All members of the genus exhibit trggows, a
character shared with the sister genusAnochetusMayr, 1861 (Schmidt and Shattuck 2014) and
several other unrelated genera (Larabee and Suarez 2014). Trap jaws are long, slender mandibles
that are mainly used for predation and secondarily in someaka to catapult the ant into the air as
a predator escape response (Larabee and Suarez 2015). Trap jaws function via a special clamping
mechanism with the mandibles opening at a 180 degree angle and snap shut at high speeds upon
physical contact with mechaosensory hairs (Gronenberg et al. 1993, Gronenberg 1995).
Odontomachugypically comprises medium to large-sized ants with a pantropical distribution
including subtropical regions. The genus currently contains a total of 72 species (Bolton 2018),
with the highest diversity found in the Neotropics and Soutiitast Asia (Larabee et al 2016,
Guenard et al 2017, MatodMaravi et al. 2018).

Ecuador, with at least 180dontomachuspecies (Salazar et al. 2015), is among the countries
showing the highest species digrsity recorded for this genus. In general, Ecuadorian biodiversity
is comparatively high, because the country comprises three vastly distinct bioregions: the Amazon
basin in East Ecuador, the Choebarién bioregion in the North-West, and the Tumbesian drands
in the South of the country which are divided by the Andes, one of the highest mountain chains in
the world (Salazar and Donoso 2013, Salazar et al. 2015). While ants of the Ecuadorian Amazon
have received some attention (e.g. Donoso et al. 2009, Wiél et al. 2010), ant research is severely
lacking in the highly threatened areas of the ChoeDbarién (Donoso and Ramoén 2009, Donoso
2017) and in the southern drylands (Dominguez et al. 2016, Lattke et al. 2016). Notably, the
ChocéDarién is home for seveal large and rare Odontomachusspecies, includingO. mormo
Brown, 1976, andO. cornutusStitz, 1933, both of which are only known from few collections
i 21 AOECOAU ¢nnmyqgs8 B3ETAA "0Oi x18680 jpwxeq CilTAAl O,
World species has remained relatively stable, with one additional species described in the United
States (Deyrup and Cover 2004) and none for the Neotropics except for scalptugrown, 1978,

from Tena, in the Ecuadorian Amazon.

We describe a surprisingly large new gecies, i.eQO. davidsonHoenle, Lattke & Donosm. sp.,
from the Ecuadorian ChocéDarién region that rivals in sizeO. mormao previously considered the
largest species of New WorldOdontomachus We use morphological and genetic analyses to
distinguish it from other Odontomachusspecies and use, for the first time in insect taxonomy,
textured 3D-models to present a digital version of the holotype, a queen and several other

specimens.
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4.3 MATERIALBNDMETHODS

Sampling and geographic origin

Specimens oD. davidsonivere collected and observed in field trips to the Reserva Rio Canandé
in Ecuador (Esmeraldas Province) from February 2018 to April 2019. We searched for specimens
by walking through the forest and examining the vegetation and recently fallen trees. Alate queens
were collected with light traps directly located at the Ecolodge of the Reserve. We collected
exclusively by hand, and specimens were preserved in vials containing 96% ethanol. Rbgraphs
of living specimens were taken with a Nikon D5300 camera body (Nikon Corp., Tokio, JP) and a
Laowa 60mm f2.8 2x macro lens (Venus Optics, Hefei, China). The Ministerio de Ambiente de
Ecuador issued the permits for collection (MAEDNB-CM-2017-0068) and exportation (41-2018-
EXRCMFAUDNB/MA and 1442019-EXRCMFAUDNB/MA).

Photogrammetry

The worker holotype, two worker paratypes and one paratype queen were mounted with
water soluble insect glue on the tip of an insect needle and imaged using the Datadt Insect
Scanner (DISC3D, Strobel et al. 2018). Specimens were imaged with extended depth of field
(EDOF) using calibrated stacks of 19 images with 4 megapixels (Strobel et al. 2018). EDOF images
were taken from 398 viewing angles (in total 7562 imageswere recorded) and used for
photogrammetric reconstruction and texturing in PhotoScan Professional 1.4.5. (Agisoft LLC, St.
Petersburg, Russia) with the highest quality settings and visibility consistent mesh generation.
Polygons corresponding to the inset pin were removed from the resulting mesh and the mesh
was slightly smoothed (with a factor of 0.5). In addition, the holotype and queen models were
OABOOOAA OOET ¢ OEA OAOAOAGCAS 1T POEIT OAOGOI OET ¢ EI
sharpenedand cleaned in Adobe® Photoshop® CS6 13.®A@obe Inc, San Jose, CA, USKe
furthermore provide videos with added light effects created with Blender® (Blender Foundation;

Amsterdam, NL; Supplemental files S1 and S2).

Additional stacking pictures were tken with a Canon EOS 7D with a MPE 65mm lens (Canon,
Tokio, Japan) and a Keyence V5000 (Keyence Deutschland BmH, Nelsenburg, Germany)
with a Z20 lens. Stacking pictures were assembled with Helicon Focus Version 7 (Helicon Soft Ltd.,
Kharkiv, Ukraine) software, and further edited with Adobe Photoshop CS6 13.0 (Adobe Inc., San
Kaso, CA, USA).

115



Morphological Data

Morphological measurements of three workers (the holotype and 2 paratypes) and one alate
gueen were performed using 3Bmodels embedded in PDFiles obtained with DISC3D. The
measurements obtained through such models are more precise and reproducible than traditional
ocular micrometer measurements, partly since parallax errors are avoided (see Strobel et al.
2018). Measurements were taken with Adbe Acrobat Reader DC (version 11.0.22&dobe Inc.,
San Jose, CA, UFAllowing the definitions described in MacGown et al. (2014) and Brown (1976),
with the exception ofhead and petiole height measurements (see definitions below). As Brown
(1976) already recognized, heads oinochetusand Odontomachugan have a relatively trapezoid
or more rectangular shape in frontal view, which is a reliable indicator to help differetmate
between species. To discern between these shapes, we included the head ocular width (HowW
synonym with HW in other studies, e.g. MacGown et al. 2014) and head vertexal width (HVW, see
below). We measured two paratype workers with a binocular with mesuring eyepiece only (see
Supplement S3). The morphological values given in the species description however solely derive
from measurements of the 3D scan of workers (n=3) and queen (n=1) for reasons of consistency.

All measurements are given in millimetes.

Additional to the measurements we give a detailed morphological description of
Odontomachus davidsonn.sp.. The morphological terminology, including those of surface
sculpturing, is based on definitions found in Wilson (1955), Harris (1979) and Kellgf2011.)

Measurement definitions

HL Head length. Maximum length of head in fulace view, excluding mandibles, measured from

anteriormost point of clypeal margin to midpoint of a line across the posterior margin.

HoW Head ocular width. Maximum width of kead at ocular prominence in fuliface view,

measured in the same plane as HL.

HvW Head vertexalwidth. Width of head at vertex in fullface view, measured in the same plane
as HL. An imaginary line is drawn parallel to the cephalic posterior margin and perpendicular
lines are extended anterad to where the posterolateral cephalic curve meets the ledkecephalic

margin.

ML Mandible length. The straightline length of mandible at full closure, measured in the same

plane as HL, from mandibular apex to anterior clypeal margin.
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SLScape length. Maximum chord length of antennal scape in dorsal view exdhgibasal

constriction.

EL Eye length. Maximum length of eye as measured normally in oblique view of the head to show

full surface of eye.

MsL Mesosoma length. Maximum length of mesosoma, measured in lateral view, a diagonal line

from the cervical shield b the posterolateral propodeal edge.

Prw Pronotum width. Maximum width of pronotum in dorsal view.

PtW Petiole width. Maximum width of petiole in dorsal view.

PtL Petiole length. Maximum length of petiole in lateral view.

PtH Petiole height. Direct lineardistance from the apex of petiolar needle to ventral subpetiolar

process measured in the same plane as PtL.

FL Femur length. Maximum length of hind femur.

Cl Cephalic index. HW/HLx 100.

S| Scape index. SL/HW 100.

MI Mandible index. ML/HLx 100

Molecular analyses

We sequenced the classical mitochondrial barcode region for animals, a 658 base pair (bp)
region of thecytochrome oxidase subunitgene CO), for two O. davidsonn.sp. specimens and six
specimens of six additionalOdontomachuspecies (O. erythrocephalug&mery, 1840,0. mormoO.
chelifer (Latreille, 1802), O. meinertiForel, 1805,0.c.f.mayi Mann, 1912,0. hastatugFabricius,
1804); see Supplemental file S4 for collection data). Specimens were identified by PH. We used
whole specimens for nondestructive DNA extraction using the Qiagen 96 DNeasy Blood & Tissue
Kit (Quiagen, Venlo, Netherlands) following the standard protocol with oneexception: we
shortened the protein lysis step to 2h3h to avoid any damaging of the specimens, which keeps
specimens intact and in good condition so as to serve as morphological vouchers (e.g., von Beeren
et al. 2016). We amplifiedCOlusing the primer canbination LCO1490 / HCO219§ Folmer et al.
1994). PCRs were set up as described previously by von Beeren et al. (2016). Purification and

sequencing of PCR products in forward and reverse direcih were outsourced to Macrogen
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Europe B.V. (Amsterdam, Netherlands). The laboratory information management system
Geneious Prime 2019.1.3 was used to process and analyse sequences

(https://www.geneious.com).

To evaluate whetherCOlcan be used as reliablepecies discriminator forO. davidsonin. sp.we
further included available data of publishedCOlsequences of NeotropicaDdontomachuspecies.
For this, we analyzedOdontomachus CGiequences from the New World. We downloaded 264
published COlsequencesby using the following search terms in the Barcode of Life database
system (www.boldsystems.org; search criteria: Odontomachus; "United States"; USA; Mexico;
Cuba; Haiti; "Dominican Republic"; "Puerto Rico"; "British Virgin Islands"; Montserrat; "Antigua
and Barbuda"; Dominica; "St Lucia"; Barbados; Grenada; "Trinidad and Tobago"; Guatemala;
Honduras; Belize; "El Salvador"; Nicaragua; "Costa Rica"; Panama; Colombia; Venezuela; Ecuador;
Guyana; Suriname; "French Guiana"; Brazil; Peru; Bolivia; Paraguay;ICAN ! OCAT OET An 5C
accessed on 15th of May 2019).

Published and newly acquired data from this study were then analyzed together. We first
performed several quality checks. Sequences lacking species identifications, sequences containing
ambiguous bags, and sequences smaller than 400bp were sorted out. We then used the MUSCLE
algorithm (Edgar 2004) to alignCOlsequences and, on this basis, sorted out additional sequences
which showed gaps and/or additional bases in the sequence alignment. No apparetdp codons
were detected in the analyzedddontomachuglataset. Finally, we extracted unique sequences (or
COlhaplotypes) from the dataset resulting in 94 distinctCOlsequences of 160dontomachus
species. For eight of those specimens lateral habitus im@s were uploaded to BOLD. BOLD

process IDs of sequences are given in Supplemental file S5.

We used a neighbojjoining (NJ) tree as simple clustering approach of DNA barcode data to
depict genetic differences and to examine the reliability oEOlas possble molecular identifier of
O. davidsonn.sp. Note that it was not our goal to evaluate whetheCOlcan serve as a reliable
identification character in the entire genus. We thus did not define species boundaries in other
Odontomachusspecies based on intaspecific pdistance thresholds and barcoding gaps as it is
often done so in other barcoding studies. Except faur own identifications (see above) we used
and relied on species identifications that were deposited together witOlsequences in GenBank.
The NJ tree was analyzed in MEGA 10.0.5 (Kumar et al. 2018) based -alispances with pairwise
deletion of missing data. Rlistances simply give the proportion of bases that differ in pairwise
sequence comparisons. Metadata of the Nike are given in Supplemental file S6 as newick

formatted file.
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4.4 RESULTS

Key to Neotropical Odontomachus species

This key is a maodification of the keys of Rodriguez (2008) and Brown (1976), both of which
contain many additional helpful figures as well as detailed morphological descriptions. Please
note that this key does not include the species native to the USA suahthe Florida endemicO.

relictus Deyrup & Cover, 2004, for which we recommend using the key of MacGown et al. (2014).

From the Rodriguez (2008) key only the herewith describe®. davidsoni.sp. is added as new.
However, the classification ofOdontomactus brunneushas been cleared up. Originally, it was
thought to be distributed in South and Central America, but it is now clear that it is restricted to
the Southern USA, and previous material that has been identified as such probably belong©to
ruginodis Smith, 1937(MacGown et al. 2014).

For easy identification, we recommend tgoint mount workers of Odontomachusy bending
the tip of the point and gluing it to the pleura so as to leavihe space between thehind coxae
exposed This is because the metasternal process is an important identification characteristic and

it might be obscured otherwise.

English key:

- Petiole pedunculate to subpedunculate, in lateral view thanterodorsal margin of the gaster

forms a single convexity that ascends posterad at approximately 45° (HdL, A 2

- Petiole sessile, not subpendunculatan lateral view the anterodorsal margin of the first gaster
segment forming a much steeper slope (>45°) with a more or less distinct vertical anterior face
(Fig.4.1, B 4

119



Fig.4.1 Lateral view of petiole and first gaster segment dD. hastatugleft) and O. bauri(right).

2(1)

- Dorsal surface of the head with deep striation that reaches to the nuchal collar; color uniform
ferruginous to dark red davidsonin.sp.

-Posterior third to half of dorsal surface of head smooth and shining; color viable 3
3(2)

- Without metasternal process; mesonotum almost hairless; larger body size (HL > 4 mm).
Ground living mormo

- With metasternal process; dorsal surface of mesonotum covered in small erect setae; smaller

body size (HL < 3.8 mm). Arboreal hastatus
4(1)
- Dorsal surface of head distinctly striate to or nearly to the nuchal carina 5

- Posterior third to half of dorsal surface of head smooth and shining, or nearly so 22

5(4).

- Disc (dorsal surface) of first gastric segment predominantly smooth, punctulate, alutaceous, or
reticulate; striation absent, or if present, mixed with other sculpture and distinct only on the

posterior half of the disc 6

- Disc of first gastric segment distinctly and evenly striate over its entire surface, at least as seen

from dorsal view 17
6(5)
-Mesonotum longitudinally striate yucatecusBrown, 1976
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-Mesonotum prevailingly transversely striate 8
7(5)

- Head more or less bright red (frontal area often infuscate), contrasting with blackishrown
body and yellow legs; size medium erythrocephalus

- Color combination otherwise; if head is distinctly ed, then trunk is red also, or legs are dér
8

8(7)
- Sternum immediately in front of and between metathoracic coxae produced as a slender, acute
pair of teeth or spines; disc of first gastric segment densely and finely shagreened and

pubescent, usually opaque; body brown, legs yellow to browhaematodugLinnaeus, 1758)

- Sternum in front of metathoracic coxae with a low transverse ridge, sometimes notched in the
middle or bilobed, but not produced as acute, paired teeth 9

9(8)

- Petiole predominantly smooth and shiny, with the anterior border erected or slightly convex,
and the apex produced into a large spine with posterior orientation; head, mesosoma and petiole
with a clear red coloration and the gaster dark brown  insularis Guérin-Méneville, 1844

- Petiole differently shapes, color combination varies 10

10(9)

- Anterior face of petiolar node as seen from the side rising steeply from anterior margin, then
passing through an obtuse angle into a long section concave in ondito the root of the apical

spine; labial palpi 4merous bradleyi Brown, 1976
- Petiole differently shaped 11
11(10)

- Metasternal process like an arc with or without middle division; petiole smooth or a little
striate, with both the anterior and posterior margin convex; the petiolar spine forms gradually,
without clear distinction from petiole

cf. brunneusPatton, 1894 (PossiblyOdontomachus ruginodi€D. brunneuss apparently
restricted to southeastern US. The status of the Central and South American populations
comparable with O. brunneusieed to be established.

- Metasternal process absent, bilobed or triangular; petiole diéirently shapes or if both sides

convex, with a clear differentiation of the spine from the rest of the petiole 12
12(11)

- Metasternal process absent 13
- Metasternal process bilobed or triangular 14
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13(12)

- Black coloration;Node of petiole with a pair of prominent posterolateral tumosities at about
mid-height and without striation; apex as seen from side abruptly narrowed to an axially erect,
acute tooth biumbonatusBrown, 1976

- Node of petiole without paired posterolaterd tumosities; Posterior face of petiole less concave,

with short petiolar spine (0.1 mm) clarusRoger, 1861
14(12)
- Anterior margin of petiole at least weakly convex 15
- Anterior margin of petiole basal of the node concave or straight 16
15(14)
- Metasternal process completely bilobed; color generally dark bauri Emery, 1892

- Metasternal process formed by an obtuse wide lobe followed by a transverse flange which is

produced into a triangular process; usually light color biolleyi Forel, 1809
16(14)

-Petiole strongly transversely striate, with a clearly differentiated spine; small species (TL 8.6
9.35 mm) ruginodis

- Petiole without or only weak striation and with spine not clearly differentiated from the
petiole; large species (TL 12nm) laticepsRoger, 1861
17(5)

- First gaster segment with only one type of sculpturation, which is either punctulate or striate
18

- First gaster segment with a combination of punctulate and reticulate sculpturation 21

18(17)
- First gaster segment punctulate on its entire surface opaciventrisForel, 1899
- First gaster segment striate on most of its surface, at least in dorsabw 19
19(18)

- Transverse striation patterns on the gaster; large and slender chelifer (Latreille, 1802)
- Longitudinal striation on the dorsal gaster surface 20
20(19)

- Mesonotum strongly convex, but broadly sulcate and longitudinally striate on at least the
anterior half near midline caelatusBrown, 1976
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- Mesonotum gently but evenly convex, transversely striate laticeps

21(17)

- Mesonotum with longitudinal striation scalptusBrown, 1978
- Mesonotum with transverse striation meinerti Forel, 1805
22(4)

- Ocular prominences each produced anterolaterally into a stout, acute, oblique, toothlike
process cornutus
- Ocular prominences bluntly rounded, as usual 24
23(22)

- Antennal scapes very short, not reaching posterior border of head in fulace view; very small
species with broad head spissuKempf, 1962
- Antennal scapes surpassing posterior border of headewed full-face 24
24(23)

- Apex of mandible with only 2 large teeth (intercalary tooth lacking)allolabis Kempf, 1974
- Apex of mandible with 3 teeth 25
25(24)

- Mesepisternum with a prominent, narrowly rounded anteroventral lobe projecting
conspicuously on each side when trunk is viewed from above mayi

- Mesepisternum with at most a low, inconspicuous convexity on its anteroventral margi?6
26(25)
-Petiole dearly differentiated spine; larger species (HL>2.8 mnaffinis GuérinrMéneville, 1844

-Both faces of petiole converge into a thick spine that is flattened laterally; smaller species
(HL<2.8 mm) panamensid-orel, 1899

Spanish key:
1
- Pe@IDzn vista lateral pedunculado a sempedunculado, el perfil anterodorsaldel primer

segmento del gaster forma una convexidad continua con una pendiente de aproximadamente
45° (Fig.4.1, A) 2
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- Peciolo sésil, no sempedunculadg, el perfil anterior del primer segmento del gaster
relativamente vertical y bien diferenciado del perfil dorsal, con una pendiente mayor de 45° (Fig.
4.1, B) 4

2(1)

- Superficie dorsal de la cabeza con egafgue llegan hasta la carena nucal, color faginoso
davidsonin.sp.

- Superficie dorsal de la cabeza con egadgue tan §l@acupan de la mitad a dos tercios de la
regil mDanterior de la cabeza, color es variable 3

3(2)

- Espacio entre las coxas posteriores liso, sin proceso ni estf)zne®notum casi sin pelos; gran
tamal @(LC > 4 mm). Hormiga del suelo mormo

- Espacio entre las coxas posteriores con un proceso bilobulado y siempre estriado; mesonotum

con muchos pelos; mas pequefia (LC < 3.8 mm). Hormiga arboérea. hastatus

4(1)

- Superficie dorsal de la cabeza con esaDgue llegan hasta la carena nucal o muy cerca/sie
5

- Superficie dorsal de la cabeza con esaHgue tan §l®acupan de la mitad a dos tercios de la

regil rDamterior de la cabeza 22

5(4).

-Primer segnento del gaster predominantemente liso y brillante, opaco o suavemente reticulado
6

- Primer segmento del gaster con escultura que puede ser de Uri®tipo o una mezcla de varios

(estraadty, punteado, estmdiz punteado) 17

6(5).

- Mesonoto estgdzlongitudinalmente yucatecus

- Mesonoto esteadrtransversalmente 7

7(6)

- Cabeza de color rojo claro que contrasta con cuerpo marrén oscuro a negro y extremidades
amarillas erythrocephalus

- Diferente combinacion de color; si la cabeza esjp claro, entonces el mesosoma debe ser
tambiAnDpjo o las extremidades de un color oscuro; o la cara anterior del peciolo es recta o
concava 8
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8(7)
-Metaesterno, exactamente entre las coxas posteriores posee un par de esplnas o dientes

agudos; primersegmento del gaster reticulado, usualmente opaco; cuerpo marbz
extremidades de color amarillo a mark rDz haematodus

-Metasterno sin 0 con proceso, el cual puede ser bilobulado, dividido en la mitad o redondeado
9

9(8)
-Pe@Ibpredominantemente suave y brillante, con borde anterior recto o ligeramente convexo,
el Apize delsRzse estrecha formando una espina larga, delgada que/efitigida

posteriormente; cabeza, mesosoma y pagbzie color rojo claro y gaster mart rhascuo
insularis

-Pe@pIDzle diferente forma; combinadi rhde color variada 10
10(9)

-Cara anterior del nodo peciolar se levanta casi verticalmente desde el margen anterior, luego
pasa por unAngalo obtuso a una sectilarga y ¢ idava que forma una espina apicabradleyi

-Pe@Ibzon forma diferente” 11

11(10)

-Proceso metasteral como un arco con o sin divi$irDen el medio; peeplDsuavemente o poco
estraaddy, la cara anterior es convexa, al igual que la posterior; la espina del pi@zse va
formando gradualmente, lo cual hace que no sea claramente diferenciada’diz

cf. brunneus(Posiblemente se trata dé. ruginodisO. brunneusparentemente esta restringida
al sureste de los EEUU. El estatus de las poblaciones centro y suramericanas que son
comparables conO. brunneusiin esta por definirse.

-Proceso metasternal asente, bilobulado o triangular; peeplBzon diferente forma o si ambos

lados son convexos hay una espina claramente diferenciada del resto del @z 12
12(11)
- Proceso metasternal ausente 13
-Proceso metasternabilobulado o triangular 14
13(12)

- Color negro; nodo del peslBzon un par de prominencias posterolaterales y sin esgape
en vista lateral se estrecha hasta formar un diente agudo axialmente erguidnumbonatus

- Color claro; nodo del peaplDzin prominencias o si las posee tiene esgd)zara posterior del
pecpldal menos dbidmente ¢l rdava, la espina peciolar es corta (0.1mm) clarus
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14(12)

-Cara anterior del peaplbal menos dbidmente convexa 15
-Parte anterior basal delnodo peciolar d ridava o recta 16
15(14)

- Proceso metasternal completamente bilobado; color oscuro generalmente bauri

- Proceso metasternal formado por uniliDio ancho obtuso, seguido de un reborde transverso
gue se observa como un proceso de forntaangular; color claro generalmente biolleyi

16(14)

-PeaIbiuertemente estradiiztransver salmente, presenta una espina claramente diferenciada,
especies pequeas (8.6 9.35mm) ruginodis

- PeaID5in estrapda suavemente estpdiy la espina no esa@aramente diferenciada del pea|bz
especies grandes (TL 12 mm) laticeps

17(5)

- Primer segmento del gaster con uni$®#po de escultura, que puede ser punteada o estriada
18

- Primer segmento del gaster con una combindaiDide escultura punteada y reticulada 21
18(17)
- Primer segmento del gaster punteado a lo largo de toda su superficie opaciventris

- Primer segmento del gaster estadiiza lo largo de toda su superfici@l menos en vista dorsal

19
19(18)
- EstraaPizansversales curvas en el gaster; especies grandes y delgadas chelifer
- EstraaPibngitudinales en el dorso del gaster 20
20(19)
- Mesonoto fuertemente convexo, pero fuertemente surcado y esadivongitudinalmente al
menos en la mitad dex&z de la parte caelatus
- Mesonoto suave pero uniformemente convexo, esiadivtransversalmente laticeps
21(17)
- Mesonoto estgdivlongitudinalmente scalptus
- Mesonoto esteadirtransversalmente meinerti
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22(4)

- Prominencias oculares con un proceso agudo, oblicuo a manera de diente  cornutus
- Prominencias oculares redondeadas 23
23(22)

- Escapos antenales muy cortos que no alcanzan el borde posterior de la cabezaspissus

- Escapos antenales sobrepasan el borde posterior de la cabeza 24
24(23)

-Dos dientes grandes en éipize de la mandpida allolabis

- Tres dientes en elpize de las mandas 25
25(24)

- Mesepisterno con unllddio anteroventral redondeado y prominente que se proyecta a los
lados del mesosoma en vista dorsal mayi

- Mesopleura con una convexidad inconspicua en su margen anteroventral 26
26(25)

-Pe@IbDzonvexo en ambas caras, con una espina delgada claramente diferenciada; mas grande
(LC>2.8 mm) affinis

- Pe@IDbzon ambas caras convexas, las cuales convergen en una espina gruesa y aplanada
lateralmente; mas pequena (LC<2.8 mm) panamensis
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Museum abbreviations

The collection abbreviation is taken from Evenhuis (2020). The specimens used in this study are
deposited at the following institutions:

DZUP. Department of Zoology, Universidade Federal do Parand, CurititBrazil

MCZ Havard Museum of Comparative Zoology, Cambrigde, Massachusetts, USA

MEPN Museo de Colecciones Bioldgicas Gustavo Orcés, Escuela Politécnica Nacional, Quito,
Ecuador

RBINS Royal Belgium Institute of Natural Sciences, Brussels, Belgium

QCAZ Zoology Museum at the Pontifical Catholic University of Ecuador, Quito, Ecuador
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Odontomachuslavidsonin. sp.

Hoenle, Lattke & Donoso, new species

Fig. 4.2 Odontomachus davidsorioenle, Lattke & Donosan.sp. stacking pictures. A: Worker
paratype (specimen PE23 01) B: Queen paratype (specimen PE24 01). Additional pictures in
Supplemental file S7. Scale bars: 2 mm (left); 5 mm (right)
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Fig. 4.3 Screenshots of the3D models of Odontomachus davidsom.sp.. Top: 3D scan of
Odontomachusholotype (PE39_01). Bottom: 3D scan of queen (PE24_01). Additional 3D

models of two more paratypes in Supplemental file S8.
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Type material examined

Complete list of localities in Supplemental file S9. Uniqgue museuspecimen identifiers are

given in brackets after each specimen identification code.
Type locality.

%#51 $/ 2F  %OI AOAI AAOR 2A0A00A 2pi #A1 AT A7 n
2019; P. Hoenle & G. Villagomez leg.; collection code PE39; singlekgomear large fig tree in

mature forest
Holotype specimen.

%# 5! $/ ®Roker;pEsmeraldas, Reserva Rio Canandé; 0.5281°N, 79.2070°W; ca 330 m; 21
February 2019; P. Hoenle & G. Villagomez leg.; collection code PE39; single worker near large fig
tree in mature forest; specimen code PE39_01; [MEPN5074]

Paratype workers.

%#5! $/ 2F o xI OEAOON %Oi AOAT AAOh 2AO0A00A 2EI
February 2019; P. Hoenle & A. Argoti leg.; collection code PE23; hand sampling on Cecropia tree,
same Iaation as Odonto_Phil; specimen codes PE23 01, PE23 02, PE, 23 03;- [MCZ
ENT00731935]

%#5! $/ 2F ¢ x1 OEAOON %Oi AOAI AAOGh 2A0A0OA 2pi
06 February 2019; P. Hoenle leg.; collection code PE25; workers on recently largelefaltree;
specimen codes PE25 01, PE25 02; [RBINS IG 34167]

%#5! $/ 2F 1 x1 OEAOON %Oi AOAT AAbh 2A0A00A 2pi
February 2019; P. Hoenle leg.; collection code PE36; nest in fallen branch in secondary forest
(former cacao plantation); specimen codes PE36_01[RBINS IG 34167]; PE36_02, PE36_03,
PE36_04; [MEPN_5075]

%# 5! $/ 2F 1 xI OEAOON %Oi AOATI AAOh 2AO0AO0OA 2pi
May 2018; P. Hoenle & A. Argoti leg.; collection code Odonto_Phil; hand sangpbn Cecropia tree.
Same colony as PE23; One pointounted worker ;specimen code: Odon_Phil_02 [DZUP 548819],
(BOLD ID: ODECUO0G29) and one pointmounted worker with the same locality data but
collected on 20 May 2018, specimen code Odon_Phil_01 [DZUB&0]; (BOLD ID: ODECU0G1
19); Two workers mounted with permanent glue on top of needle specimen codes Odon_Phil_3,
Odon_Phil_4; [PH private collection]
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Paratype queens.

#5! $/ 2F ¢ NOAAT ON %Oi AOAT AAOh 212RW,ADFAAm; 29 1 # AT
January 2019; P. Hoenle leg.; collection code PE24; 2 alate queens, ex. light trap at the Rio Canandé
station, 8 pm.; specimen codes PE24 01 [MERIT00731935], PE24 02 [MEPN_5076]

#5! $/ 2 p NOAAT N %Oi AOAT REBMNH7921Z0NWA éalRa0o n2 p3i  # AT A
April 2019; P. Hoenle leg.; collection code PE87, 1 alate queen, ex. light trap at the Rio Canandé
station, 9 pm.; specimen code PE87_01; [RBINS IG 34167]

%#51 $/2F p NOAAI N %Oi AOAI AAOR 21806WA &aBd0 me2 @1  # AT A
May 2018; P. Hoenle & A. Argoti leg.; collection code Odon_Phil_queen; ex. light trap at Canandé
Lodge; specimen code Odon_Phil_queen_01; [PH private collection]

#5!1 $/ 2F p NOAAT N %Oi AOAIT A A @&ayapadRedetv& B539°N,-ACA T A/
78.9208°W; ca 40 m; 14 April 2006; L. Camacho leg.; ex. light tap; [QCAZI 15167]

Specimens used for 3D scanHolotype worker (PE39_01), 1 paratype worker (PE23_01), 1
paratype worker (PE36_01), 1 paratype queen (PE24_01)

Specimens used for DNArgoding: Paratype workersDZUP 548819 (BOLD ID: ODECU0Q®)
& DZUP 548820 (BOLD ID: ODECUGAQY)

Diagnosis of workers

Measurements (n=3): HL 3.934.09, HoW 2.672.76, HYW 1.651.74, ML 2.62-2.70, SL 4.22
4.43, EL 0.620.71, MsL 6.006.20, Prw 1.491.57, PtW 0.590.64, PtL 1.531.57, PtH 2.262.23, FL
5.28-5.37, Cl 67.4868.53, S| 158.05160.74, MI 65.2869.05.

Long (TL > 17 mm), but slender, ferruginous to yellow brown body with striae o cephalic
dorsum from antennal insertions to vertex, mandible with over 15 preapical teeth and denticles,
pronotal dorsum with concentric to transverse striae. Petiole strongly pedunculate with

posteriorly inclined apical spine, gaster smooth and shining

Description of the holotype worker

Head elongate in dorsal view, anterior and posterior margins approximately of same width,

posterior cephalic margin mostly transverse; head widest across eyes, at anterior ott@rd of
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head length; lateral cephalic magin posterior to eye sinuous. Median furrow deep, extends
anterad to antennal fossa where it fades; occipital ridge distinctly delineated by antennal fossa,
extending posteromedially, joining broad ridge that runs parallel to median furrow. Extraocular
furrow broad and shallow, temporal prominence broad and weakly elevated. Cephalic surface
with well -defined striae that diverge posterad from between frontal carina, reaching vertex, striae
fade away on most of lateral cephalic surface with some striae reaclj posteroventral cephalic
surface. Ocular ridge smooth closest to eye and striate towards cephalic median region. Cephalic
dorsal surface anterad of eye and between eye and antennal sclerite mostly smooth. Scape slender
and slightly arched, SL longer thaihlL, scape widest just anterad of mid length, finely punctulate;

funicular segment elongate and slender, segment | half as long as segment II.

Median clypeus mostly smooth and shining, posteriorly projecting as flattened triangular surface
between frontal carina; carina defines narrow elevated region that descends posteriorly and
extends to antennal fossa; frontal carina narrow, width not greater than scape width; carina
steeply elevated over posteromedian clypeal surface. Ventral cephalic surface mostlyaath and
shining. Labium drop-shaped, anteroventral surface very convex, PF 4,4. Buccal cavity with lateral
hypostomal tooth. Mandibular masticatory margin with basal row of six denticles and eleven blunt
triangular, relatively short teeth apicad of dentides. One or more teeth closest to apex may be
broken. Mandibular apex tridentate, ventral tooth with basal tooth. Mandibular dorsal surface
mostly smooth, with sparse piligerous punctulae, but dorsolaterally with abundant punctulae,

ventral surface smoothand shining.

Pronotal dorsum with concentric striation that become progressively transverse and elongate
medially towards posterior margin, in lateral view striae appear anteriorly transverse, medially
curving and Usshaped, posteriorly oblique to almost vetical. Posterolateral pronotal margin with
short convex lobe. Mesosoma relatively slender and elongate, in lateral view pronotal dorsal
margin straight to weakly convex, forming a posteriorly ascending slope, mesonotum anterior
margin slightly higher than posterior pronotal margin, mesonotal dorsal margin mostly straight
to weakly convex, descending to metanotal groove. Dorsal mesosomal margin between metanotal
sulcus and metanotal spiracle forms brief convexity, propodeal anterodorsal margin brief and
convex, dorsal margin mostly straight, three times longer than declivity, declivity forms blunt
obtuse angle with dorsal margin. Propleuron mostly smooth and shining with narrow transverse

band of sparse weak rugulae anteriorly and posteriorly.

Mesonotum with transverse striae that extend uninterrupted laterally to anepisternum and
ventrally to mesosternum, katepisternum mostly smooth and shining except for sparse striae
anteriorly and posteroventrally. Bulla of metathoracic spiracle semispherical, weakly sqoted,
opening shaped as transverse slit. Propodeum and metanotum transversely striate.
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Mesometapleural suture distinct, propodeal metapleural suture weakly impressed. No carina or
visible suture between mesopleuron and mesosternum, mesosoma in hypothetlaaoss-section

at mid-length forms relatively uniform ovoid. Mesosternum with median longitudinal region
raised as low and broad convex ridge; metasternal process bidentate, teeth short and blunt.

Propodeal spiracle slitshaped, transverse to oblique, notlevated.

Petiole in lateral view slightly pedunculate, node shaped as posteriorly sloping cone with acute
apical needle, anterior node margin weakly convex, posterior margin vertical, straight to weakly
convex; anteroventral process prominent, triangulaynode smooth and shining. Abdominal tergite
3 in lateral view with anterodorsal margin forming single convexity to posterior margin,
ascending posterad at approximately 45°; ventral margin of tergite 3 briefly concave at prora, then

broadly convex and mo#ly at the same level as prora. Constriction between abdominal segments

3 and 4 weak to negligible; gaster smooth and shining.

Fig. 4.4 Odontomachus davidsoniventral picture of metasternal process (specimen:

Odon_Phil_3) and lateral image of gaster (specimen Odon_Phil_4).

Coxae mostly smooth with abundant minute piligerous punctulae, punctulae denser on tibiae.
Protibial apex with single seta, spur with basal translucent lamella. Probdarsus with row of
short, stiff hairs and parallel row of short setae opposite spur. Meso and metatibial apex each with
two spurs, one pectinate, one simple; each also with 3 setae, each seta widely separated from each
other. Body pilosity generally shortand scattered with little pubescence; dorsal surface with few
standing hairs: one on head where antennal fossa and nuchal carina almost meet, few on gastral
sterna. Head and mandibular dorsum with sparse appressed pubescence, hairs straight on

mandible andarched on head. Mandibular ventral surface next to masticatory margin with row of
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five flagellate long hairs plus two long trigger hairs at base. Scape with dense appressed
pubescence, no standing hairs. Mesosoma with sparse appressed to subdecumbent khils,
node with longer hairs; gaster mostly with sparse short, appressed to decumbent hairs with
suberect hairs towards posterior end of gaster. Mandible and other bucal appendages, antenna,
tibiae, and tarsi ferruginous brown to brown. Body mostly feruginous to brownish yellow, head

dark anterad and gaster darker posterad; trochanters and apex of femora tend to be darker.
Queen.

Measurements (n=1): HL 4.30, HoW 3.8, HVW99, ML 2.87, SL 4.46, EL 0.75, MsL 6.78, PrW
2.22, PtW 0.79, PtL 1.68, PtH 2.4Bl. 5.46, Cl 71.63, Sl 144.81, MI 66.74

Mesosoma developed for wings, head with three ocelli. Queen with larger dimensions than

worker: How > 3.3; MsL > 6.5; PrW >1.9 mm., otherwise similar.

Male. Unknown.

Etymology.

The species epithet is a patronym in genitive case honoring Stuart Carleton Davidson, the founder
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and would have loved this amazing ant.

Comparison to similaspecies

Odontomachus davidsomnost closely resemblegD. hastatudy sharing a relatively large size,
a red to brown color, a head which has in dorsal view a great difference between ocular and
vertexal width, a relatively slender habitus, a bilobed metasternal process (Fig4, A), and a
pedunculate petiole with a poserior inclining node topped by a long dorsal needle. Together with
O. mormoboth species also share an evenly convex anterior margin of abdominal tergite 11l that

in lateral view ascends posterad at an approximate 45° angle (Fg4, B).

Compared toO.hastatus O. davidsonis clearly larger: The HL range oD. hastatuss 2.81- 3.67
mm (Brown 1976) versus 3.91- 4.09 mm. Further, it has coarse striae throughout the dorsal
cephalic surface, whereas the striae o@®. hastatusare fine and limited to thearea between the

frontal carina and the antennal fossa, not extending to the occipital ridg&he pronotum in O.

135



hastatusfrequently presents smooth and shining areas on the pronotal disc or its sides, where it

is always striate inO. davidsoni.

While the body size ofO. davidsonis similar to O. mormo(HL 4.14- 4.36 (Brown (1976)), both
species can be clearly distinguished by the striation pattern on the head: The striation@ mormo
does not reach the occipital ridge and there is instead a large andisy area on the cephalic
dorsum, while in O. davidsonthe entire cephalic dorsum is covered in coarse striae. Furthe®.
mormo does not possess a metasternal process, whil®. davidsonihas a rounded bilobed
metasternal processO. mormas almost hairless on the entire dorsal body surface including the
petiole, whereas O. davidsonibody possesses a few appressed to decumbent hairs on the
mesonotum, and many long erect hairs on the petiole. Overa®d. mormohas a more brownish

coloration (very similar to O. chelife), in contrast to the red coloration inO. davidsoni.

When using the key to NeotropicaDdontomachuspecies by Rodriguez (2008) this species will
be taken easily to couplet 13 , whereupon it will not fit any of the two alternative<®. ruginalis
nor O. laticeps It is clearly larger thanO. ruginodis which also differs in its dark brown color,
sessile petiole, and a very short stubby petiolar needl€. laticepss smaller, dark brown, with a
sessile and relatively erect petiole bearing a shorter dorsal needle. Using the identification key in
Brown (1976: 111), or the key in Antwiki (2015), this species is easily taken to couplet 14 where
it becomes stuck as itifs neither alternative: O. baurinor O. laticepsBoth of these ants are much
smaller, dark brown, have a sessile, erect petiolar node with a relatively shorter dorsal needle,

and the anterior dorsal margin of abdominal tergite Il in lateral view is mody vertical.

Molecular analyses

We successfully amplified DNA barcodes of tw@dontomachus davidsorworkers, a 569 bp
fragment and a 668 bp fragment (GenBank accession numbers MN454765 and MN454766,
respectively). The two specimens came from the same rieand had identical sequences.
Odontomachus davidsorbbarcodes were clearly distinguishable fromCOlsequences of other
Odontomachusspecies (Fig4.5) as indicated by the minimum interspecific pdistance of 0.09 in
pairwise comparisons (range of pdistances in 94 pairwise comparisons: 0.09 0.14; Fig.4.5). A
search in the BOLD identification database for the closest sequence match yielded similar results
of 90.76% and 90.67% sequence similarity td. chelifer(private, not published yet) and O.

hastatus(GenBank accession number: KU504889), respectively (accession date: 28.05.2019).
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O. cf. mayi O. panamensis,
(1;1) (4;40)

O. ruginodis

o
[

O. brunneus
(5;23)
O. baur
13;21)
O. laticeps
(17;33)
Q. relictus (1;1)
O. yucatecus
(8:13)
O. meinerti
19;53)
O. hastatus O. chelifer
> (5,14) : (5;,19)
0.01 O. mormo

0. davidsoni (1;2)

Fig. 4.5 Neighbor-joining (NJ) tree ofOdontomachusCOlsequences. The NJ tree is based on
p-distances (scale bar). First digit in parentheses gives the number of identifie@OI
haplotypes of a given species and the second one the total number of availab@lsequences
for this species. GenBank accession nurats and Newick tree file are given in Supplemental

files S6.

Biology and Distribution

Workers of O. davidsoniwere only found in the Rio Canandé Reserve and its neighboring
reserve Tesoro Escondido (Figd.6). Alate queens were collected with light trapsn April 2006
(Kumanii Lodge, CotocachiCayapas Reserve, leg. Camacho), April and June 2018, as well as in
February, March and April 2019 (Canandé Lodge, Rio Canandé Reserve, leg. Hoenle). In 2018 and
2019 we frequently visited a tree in a selectively loged area of the Canandé Reserve where a few

workers of the species were spotted. Foraging workers were observed predominantly during
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nighttime between 8 pm and 11 pm. On at least five occasions during day time (i.e. between 9 am
and 5 pm) the plot was visied, but only once foraging workers were observed. Although their
exact nest position was not detected, workers were predominantly foraging on a liana attached to
a Cecropiatree. The tree had a diameter of 63 cm at breast height and an estimated heigh206f

m. Workers could be observed walking straight up on it until they were out of sight in a height of
approx. 10 m. Workers were never seen foraging on the ground, and we thus assume that they
primarily forage in the canopy. Workers were observed to sitt#l on the surface of leaves with

their mandibles open, probably waiting to ambush prey (Figd.7).

Reserva

Bioantropoldgica
Esmeraldas I
Cotacachi-Cayapas
40m a.s.l. ‘
Esmeraldas Reserva Hoja Blanca . e
Eco/dgicg esoro Escondido
1 - 300m a.s.l.
R Cotacachi- o
clboic Cayapas ~ A
Ecologica - ’
Mache Rio Canandé
' 300-340m a.s.l.
-Chindul
3 kml_
Cristobal Colon

Pichincha Coca

Santo Domingo Ql;“tO
de los Tsdchilas w‘

-

|C(, OpenStreetMap contributors l

Fig. 4.6 Odontomachuslavidsonicollection sites. Blue dots show collection sites in Esmeraldas
Province (Ecuador) within the reserves Rio Canandé, Tesoro Escondido and Cotacachi

Cayapas.

On the 11th of February 2019 we collected what looked like a complete nest in a fallen branch
(Fig.4.8; GPS data: 0.5238°N, 79.2130°W). The nest contained one dealate queen and 18 workers,
as well as brood in all development stages (Fig.9). We assume that this colony was not fully
grown because it contained no alates (despite other colonies haviadates at this time). The single
nest entry was located under a bromeliad (Figd.8, A). We opened all parts of the nest with a
machete, revealing a 40cm long tubular chamber within the center of the branch (F@§8, B.). It

does not look like the ants tlemselves carved it, but it was probably a prexisting cavity.
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Fig. 4.8 Nest of Odontomachus davidsonA: Nest found under natural conditions with

bromeliad covering the nest entranceB: Nest architecture visible after opening a fallen tree

branch with a machete. Scale bar: 10 cm.

We kept the colony for three months (11th February- 15th April 2019) for further
observations. The colony accepted various smaller insects as food, including flies, crickets and
termites. However, insects larger than 2 cm (e.g. large cicadas, moths, large crickets) were usually
not accepted. Furthermore, the colony hadd libitum access to sugar water which was frequently
visited. In accordance with field observations, the colony showed most activity during nighttime.
No recruitment to offered food resources was observed. Due to the possibly threatened status of
this ant speciesthe colony was released at the end of our observation time on a tree bromeliad

nearby the Canandé lodge.
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Fig. 4.9 Colony ofO. davidsoniThis colony waskept in the field laboratory after taking it out

from the twig nest (Fig.4.8). The sole dealate queen imarked with a red arrow.

4.5 DISCUSSION

We here formally described the specie®©dontomachus davidsonilt is morphologically and
genetically different from any other of the New WorldOdontomachusspecies. It rivals in sizeO.
mormo, the largest knownOdontomachusn the Americas, but the dark brown color, more sessile
and robust petiole, mostly smooth cepalic dorsum, and lack of a metasternal process . mormo
will easily permit the distinction between the two species. Unfortunately, there are few
measurements available for gauging the dimensions @. mormo(Brown 1976: 118; Rodriguez
2008: 156) but it seems safe to affirm that together witlO. chelifethese species share the position

as the largest knownOdontomachusn the Americas

Sequence similarities ofCOlbarcodes suggested thaD. davidsonmight be most closely related
to O. hastatusO. mormoand O. chelifer However, more informative phylogeneticstgenomics
analyses are necessary to draw robust conclusions. This is becaus&ragle mitochondrial locus

does not allow us to reliably infer fylogenetic relationships and because our species coverage is
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incomplete (10 Neotropical Odontomachusspecies do not possess published barcodes).
Morphological characters suggest thatOdontomachus davidsonis most closely related to
Odontomachus hastatysvhich shares the arboreal and nocturnal foraging lifestyle (Camargo and
Oliveira 2011, Rodrigues and Oliveira 2014). The species are easily separated by the lack of
striation at the occipital margin in O. hastats and the uniform red coloration ofO. davilsoni Both
species seem to live in sympatry: our closest record dD. hastatusis in a linear distance of
approximately 727 m to O. davidsoni(390 m vs. 300 m elevation, respectively). Other
Odontomachuspecies found in the vicinity areO. mormg@O. chafer, O. baurj O. erythrocephalus

and O. meinerti(PH, pers. obs.), which highlights the high local species richness in the reserve.

Our species description is accompanied by 3D scans of three workers and a queen (#igj,
Supplemental file S8). This offrs morphological details of the new species to the reader and the
ability to take exact trait measurements. 3D imaging techniques, and in particular micro
computed Xray tomography (UCT), are becoming more frequently used in taxonomy and
functional morphology, including studies on ants (Faulwetter et al. 2013, Akkari et al. 2015; Garcia
et al. 2017, Sarnat et al. 2017, Staab et al. 2018). Garcia et al. (2017) provided a comprehensive
overview of the benefits and caveats of uCT scans for such purposes. BBescans used in our
study were produced via photogrammetry. This technique has some advantages as well as
disadvantages over uCT scans, e.g. itis comparatively inexpensive and requires little manual work,
but it provides no internal structure and has a omparatively low spatial resolution (Strobel et al.
2018). The resulting surface model can thus lack taxonomically important structural features such
as the head striation in the casef O. davidsoniOn the other hand, the resulting 3D surface models
are texturized, thus also providing information on specimen color, which is lacking in uCT scans.
A further disadvantage of DISC3D scans is that structures that are obscured in the physical
specimen, e.g. through leg positioning or characters laying underneatte glue, are not recovered
in a resulting 3D model. Overall, we argue that the 3D scans are a good addition to the traditional
morphological description and stacking images by providing valuable 3D models that everyone
can easily access and use for rebée trait measurements. Additionally, the 398 EDOF images, that
the 3D models are based on, allow for an even more detailed inspection of the specimens in

comparison to the texture on the 3D model.

The new species was discovered in the Chod#arién bioregon in Ecuador- probably one of
the most biodiverse regions on earth, and at the same time one of the most threatened ones
(Dinerstein 1995, Olson and Dinerstein 1998, Myers et al. 2000). Research in this region is scarce,
with many undescribed endemic spcies still awaiting scientific discovery and description
(Donoso et al. 2009). The fact that a large and conspicuous ant like the herein described tjaw

ant O. davidsoniemained unknown to science until now suggests that a hidden diversity remains
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to be discovered in this region. Similar to other biodiversity hotspots, increasing deforestation
and conversion of forests to agriculture threatens the biodiversity of the Choebarién bioregion,
bearing the risk that many endemic and even yet undescribed spies become extinct before being
detected. With the description of a new, conspicuous trajaw ant, probably endemic to the region,

we hope to provide additional reasons to protect this threatened biodiversity hotspot.

ConclusionOdontomachus davidsoms a noteworthy discovery in a vastly understudied and highly
threatened area- the ChocéDarién region of Ecuador. We sincerely hope that conservation efforts

will continue and expand to protect this unique and important biodiversity hotspot.
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5.1 ABSTRACT

Strumigenysis one of the most diverse ant genera in the world and arguably the most
morphologically diverse? exhibiting an exceptional range of mandible shape and function. Here
we describe a new speciesStrumigenys ayersthegp. nov., discovered in the Chocé regn of
Ecuador. With two morphological characters we show that this species is a morphologically
unique outlier among Strumigenysglobally, having predominately smooth and shining cuticle
surface sculpturing and long trapjaw mandibles. Using UCT scans, vipegoduced 3D images of the
worker ant and static images to examine and compare mandible articular morphologies with most
morphologically similar members of the mandibularis speciesgroup. Cuticular, pilosity, and
articular mandible morphological differencessupports placing the new species in its own new

speciesgroup.

5.2 INTRODUCTION

Ecuador has one of the highest animal and plant species richness of any country, both in terms
in of species per area and total species richness (Sierra et al. 2002). This unusually high diversity
is due to the three vastly distinct bioregions within Ecuadr: the Amazon basin in eastern Ecuador,
the ChocaéDarién bioregion in the northwest, and the Tumbesian drylands in the southern portion
of the country (Sierra et al. 2002). Of these, the areas west of the Andes have been the least studied,
and particularly the ChocéDarién is a hotspot for new, previously unknown ant species (Donoso
and Ramoén 2009, Donoso et al. 2009, Salazar and Donoso 2013, Salazar et al. 2015, Donoso 2017,
Hoenle et al. 2020). Th&trumigenysauna of Ecuador currently includes 5kpecies (Salazar et al.
2015), several of which are endemic (e.@gtrumigenys madrigalad.attke & Aguirre 2015). Here,
we report the finding of another likely endemicStrumigenysspecies from the Ecuadorian Choco,

contributing to a better understanding of thishyperdiverse region.

Strumigenysis one of the most diverse ant genera known with currently 852 extant and four
fossil species, and is present on all continents except Antarctica (Guénard et al. 2017, Bolton
2020). Over the past two decades this genus reiwed a lot of taxonomicattention but given the
amount of recent species descriptions it is certain that many species are still waiting to be
discovered (e.g. Booher et al. 2019, Sarnat et al. 2019, Dong and Kim 20&d)umigenysare
comparatively smallants (most < 4 mm) and are primatrily litter dwelling although there are a few
arboreal species (Bolton 2000). Most species assessed for diet are specialist predators of

entomobryomorph Collembola (springtails), which may have led them to evolve a range of
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peculiar mandible forms to facilitate predation of fastmoving prey (Wesson and Wesson 1939,
Wilson 1953, Masuko 1984, Dejean 1985, Brown and Wilson 1998lasuko 2009, Lattke et al.
2018, Gray et al. 2019, Booher et al. 2021). Most spectacular, m&tgumigenyspossess trapjaws

2 fast-snapping mandibles that function via a power amplifiedatch-mediated spring-actuation
(LaMSA)(Booher et al. 2021]lton et al. 2018, Longo et al. 2019) akin to a biological mousetrap
(Gronenberg 1996, Larabee and Suarez 20). Performance and evolution of the trigger and latch
system has been studied in detail, however there has been little attention given to additional
undefined mandibular morphology that may contribute to the stability of trapjaw movement in
Strumigenysand other trap-jaw ants (Gronenberg 1996, Larabee et al. 2018, Booher et al. 2021).
Within Strumigenysthe LaMSA mechanism has evolved independently multiple times, with each
evolution convergent in morphology, function, and performance (Booher et al. 202. However,
the morphological variation in articular surfaces and articular processes involved in mandible
movement acrossStrumigenyswith or without LaMSA is morphologically variable and not well
understood (Booher, unpublished data, Silva and Feitos®29). Here, we construct and define the
single speciesayerstheyspeciesgroup, describe the mandible articular morphology in detalil
within the description of the previously unknown S. ayersthegp. nov., and compare it to that of
morphologically similar members of theS mandibularis speciesgroup to support speciesgroup

separation.

5.3 MATERIALS ANMETHODS

Sampling and geographic origin

The specimen ofStrumigenys ayersthegp. nov. was collected during dield trip to the Reserva
Rio Canandé in Ecuador (Esmeraldas Province) in May 2nd 2018 (Fadl). The reserve belongs
to the ChocéDarién bioregion, and is characterized by evergreen tropical forest with a wet season
from January to March, and a dry seasdrom September to December. The reserve contains lew
to mid-elevation forest spanning a range of approximately 200 to 600 m. The specimen was
collected in old-growth forest, along the ridge of small plateau at 507 m elevation. We generated
the distribution map with SimpleMappr (Shorthouse 2010). The specimen was collected alive by
hand, and later preserved in a vial containing 96% ethanol. The Ministerio de Ambiente de
Ecuador issued the permits for collection (MAEDNB-CM-2017-0068) and exportation (41-2018-
EXRCMFAUDNB/MA).
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Fig. 5.1 Location of the holotype collection ofS. ayersthegp. nov. in Ecuador (Reserva Rio

Canandé, Esmeraldas Province).

Photos

We took stacking images with a Canon EOS 7D with a MPE 65mm lens (Canon, Tokyo, Japan).
We used Helicon Focus Version 7 (Helicon Soft Ltd., Kharkiv, Ukraine) to focus stack multiple
images, and added a scale and brightness adjustments with Adobe Photosi@p6 13.0 (Adobe
Inc., San Kaso, CA, USAJ)lL images presented are available online and can be viewed on AntWeb
(Antweb 2020), where it can be identified by a specimetevel code affixed to the pin.

Synchrotron XRaymicro-computedtomography (SRuUCT) scan

The SRUCT scan of the sample was recorded at P05 at PETRA lll, Deutsches Elektronen
Synchrotron DESY in Hamburg, Germany. We used absorption contrast tomography with an
energy of 11 keV, a sampleetector distance o020 mm, and a magnification of 9.97 resulting in an
effective pixel size of 0.642 um. The dataset has been cropped, positioned, and visualized in
VGStudio MAX 3.0 (build 109953; Volume Graphics GmbH, Heidelberg, Germany). Amira 5.6 (FEI

Visualization Scierres Group, Mérignac Cedex, France) was used to digitally remove the cardboard
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the specimen was glued onto and to make a surface model of the scan data. Fiji (Schindelin et al.

2012) was then used to convert the resulting surface model to U3D.

Morphological Data

The measurements, indices, and morphological terminology used in speciggoup definitions
and species descriptions in this study are based on Bolton (2000), and the mandible articular
terminology is based on two studies (Table.1) (Silva and Feibsa 2019, Richter et al. 2019)We
compared anologous terms for these studies, and added our own terminology for features that
were not included in these studies in best agreement with terminology already in use.
Measurements were taken using the measurenm¢ application of the LASX Leica software using
a Leica IC90 E digital camera and Leica M165 C microscope with either a 1.0x or 1.6x PLANAPO
objective. Measurements and indices are presented as a single value mean of three independent
measures; measuremets are expressed in millimeters to three decimal places. Global
morphological mandible index data were assimilated by DBB (Booher et al. 2021). Specimens
were identified without head surface sculpture visually from species imaged and hosted on
AntWeb (Antweb 2020). The data was plotted with JIMP® version 15.0.0 statistical software.
Softening specimens and visual confirmation of traaw mechanisms through visual
manipulations of specimen were done as described in Booher et al. (2020). For this study, we
examined mandible morphology in the following mandibularis-group species: S. planeti
casent0873025, S. biolleyicasent0747760, S. cordovensi®asent0609666, andS. smithifrom
AOAAT O ET AOOEI O $"60 Ai11AAOQOEIT 8

Measurement definitions

HL Head length. Maximum length of head in fullace view, excluding mandibles, measured from

anterior most point of clypeal margin to midpoint of a line across the posterior margin.
HW Head width. Maximum width of head in fullface view, measured in the samplane as HL.

ML Mandible length. The straightline length of mandible at full closure, measured in the same

plane as HL, from mandibular apex to anterior clypeal margin.
PW Pronotum width. Maximum width of pronotum in dorsal view.
SLScape length. Lengtlof antennal scape excluding the basal condylar bulb.
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FL Femur length. Maximum length of hind femur.

EL Eye length. Maximum length of eye as measured in oblique view of the head to show full
surface of eye.

TL Total body length

wL7 AAAOSO , AT COE

Cl Cephalic index. HW/HLx 100.

Sl Scape index. SL/HWk 100.

MI Mandible index. ML/HLx 100

5.4 RESULTS

Key to Strumigenys ayersthey

1 Head in full face view absent of sculpture, smooth and shining; mandible relatively long Ml 65;
pilosity consisting of nearly uniformsubA OAA O OT1 A O A Attumigehys Byast@y sp.OAOAA 8

nov. (Ecuador).

- Without combination of characters above Start with couplet 1 Bolton (2000) Key to Nearctic

and Neotropical Strumigenys.
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Strumigenys ayersthey sp. nov.

0.5 mm

Fig. 5.2 Images ofA head in full-face view andB profile of Holotype specimen ofStrumigenys
ayerstheysp. nov. (CASENT0875770) [MEPN].

Fig. 5.3 3D scan ofStrumigenys ayersthegp. nov. assembled by uCT.
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Strumigenys ayerstheygroup

The ayerstheygroup contains one member and exhibits most morphological resemblance to
the mandibularis-group (Bolton 2000), from which it is most easily separated by differences in
sculpture and pilosity. Strumigenys ayersthegp. nov has little to no sculpture anywhere on its
body and has only fine simple to flagellate setae, whereasandibularis speciesgroup members
are predominately sculptured and not shining with mostly decumbent to appressed apically
expanded or flattened setaeAlso separating these two groups are morphological differences in
dorsal articular processes of mandibles, its. ayersthegp. nov. these processes project from the
dorsal surface at the base of each mandible without distinct lamellate lateral edges. In
mandibularis speciesgroup members, these processes arise from laterally expanded lamella at
the base of mandibles that are continuous with the dorsal surface of each manditBtrumigenys
ayerstheysp. nov. can be distinguished from all otherStrumigenysspecies by shining sculpture
and MI 65, otherStrumigenyspredominately lacking sculpture and shining have Ml < 40 (Fi$.4).
The following diagnosis is adapted and expanded from thmandibularis speciesgroup diagnosis
(Bolton 2000).

154



Table 5.1 Comparisonof morphological features ofStrumigenys ayersthegp. nov. with those described in

Strumigenysspp. (Silva and Feitosa 2019), and the Myrmicine antVasmannia affinis(Richter et al. 2019).

S. ayerstheysp. nov. has several features previously noteported but may be shared with many other

Strumigenys Presence refers to the reporting of each morphological feature:zSStrumigenysincluding S.

ayersthey SAz only reported in this publication in S. ayerstheyWz reported in Wasmannia affinis.

abbreviation
This study | Silva & Feitosa 2019 | Richter et al. 2019 | presence | definition Figure
apodeme attachment location of|
aba NA apab SA&W Fig.5.6
the abductor muscle
apodeme attachment location of|
ada NA apad SA&W Fig.5.6
the adductor muscle
clp clp cl S&W clypeus Fig.55
dorsal  mandibular  articular |
dfc NA dma (of head) SA&W Fig.55
surface of clypeus
) dorsal articular process of| Figs.
dmap dmap dma (of mandible) S&W )
mandible 55,56
) Fig.5.5,
Ibp Iplb Ibrp S&W labral articular process -
labral hood of basal mandibular|
Ibh NA NA SA ) ] Fig.55
process insertion
Ibm labrum lbr S&W labrum Fig.55
abs (abductor lateral articular process of | Figs.
Imap Imap ) S&W )
swelling) mandible 55,56
md mandible mandible S&W mandible Fig.55
) ventral articular process of | Figs.
vmap vmap vma (of mandible) | S&W )
mandible 55,56
ventral articular process of|
vpc NA NA SA Fig.55
clypeus
articular area of the abductor
Imah NA absa (of head) S&W ) NA
swelling
vmah NA vma (of head) S&W ventral mandibular articulation NA
) Figs.
bpm bpm NA S basal process of mandible
55,56
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Strumigenysayerstheyspeciesgroup: Diagnosis of worker

)l

= =4 4 A - =

E ]

Bulla of femoral gland not easily visible but appears as a faint streak along the medial
dorsal surface.

Scape not dorsally flattened SI 110

Apical fork of mandible with one welldeveloped intercalary tooth. Mandible with two
conspicuous acute preapical teeth; both about the same lengthAreapical dentition not
crowded near apex. Ml 65.

Anterior clypeal margin usually shallowly convex.

Leading edge of scape usually with all setae standing and directed toward apex of the
scape. Scape slender, the subbasal curve extremely shallow; relatively long, SI 110
Preocular carina in profile short, terminatingbefore level of eye.

Upper margin of the antennal scrobe not sharply defined behind level of eye.
Ventrolateral margin of head continuous and not obviously concave in front of eye.
Postbucal impression absent.

Propodeum with minute teeth with a lower propodeal tooth-like lobe at base of declivity
that is slightly less developed than the upper propodeal tooth, the two linked by a lamella.
Ventral surface of petiole with spongiform tissue.

Pilosity. Pronotal humeral setae flagellate and indistinguishabl from neighboring
background pilosity of similarly shaped simple standing to flagellate setae. Standing setae
on head and mesosoma not differentiated from ground pilosity, abundant and simple to
flagellate.

Sculpture. Head and mesosoma predominantly or érely free of sculpture and shining,
usually with a smooth area on mesopleuron.

Basal process of mandible arises dorsally with a locking angle estimated between 180 and
200°

Dorsal articular process of mandibles bluntly pointed arising evenly from the dsal
surface without a distinct lateral lamella.

Basal mandibular process arising in dorsal most plane of mandibles.

Processes of clypeus present as a pair of small todike laminar ridges each positioned
between the basal mandibular and dorsal articular processes of mandibles in closed

position.
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Global distributions of relative mandible size

A) All Strumigenys B) Strumigenys lacking head sculpture
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Fig. 5.4 Comparisons of MI amongStrumigenys spp. A Accounts of 961 species and
morphospecies globally representing all speciegroups B Ml of 52 Strumigenysidentified as
not smooth and shining cuticular surface of the head in full frontal view. Light yellow points
are species without trapjaws, dark redpoints are those with trap-jaws. S. ayersthegp. nov.

is marked with an open black circle and possesses trgpw mandible morphology.

Type material examined

Holotype worker:Ecuador: Esmeraldas ProvinceReserva Rio Canandé, 2 May 201Blevation
507m, 0.5263,-79.1682, Part of diversity study Hoenle & Bluthgen plot FIN31, harsampling on
forest floor in primary forest, specimen broke in several parts, leg. P. Hoenle. Specimen identifier
code (casent0875770), deposited at [MEPN]Museo ¢ Colecciones Biolégicas Gustavo Orcés,

Escuela Politécnica NacionaQuito, Ecuador).

Holotype worker measurement@ = 1): HL = (0.609); HW =(0.480); ML =(left = 0.383, right =
0.411), the left mandible is slightly shorter than the right mandible PW =(0.303); SL =(0.530);
FL =(0.568); EL =(0.07); WL =(0.683); Cl =(78.82); Ml =(65.19); SI =(110.42).

Description
Strumigenys ayersthegp. nov.

Mandibles with five teeth; two preapical teeth, apicodorsal and apicoventraeeth, and an

intercalary tooth. The two preapical teeth are well developed and spiniform with nearly equal
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lengths and are longer than the width of the mandible where they arise (first preapical tooth =
0.056, second preapical tooth = 0.050). These teedine located in the apical third of mandible and
separated by a distance approximately equal their length (0.051). Apicodorsal (0.78) and
apicoventral (0.73) teeth spiniform and of nearly equal length and with a weltleveloped
intercalary tooth (0.38) arising just above the apicoventral tooth. Basal portion of mandible with
four processes, three articular processes (dorsal, lateral, and ventral articular processes) and a
latching process (basal mandibular process; Figh.5). The dorsal articular process exnds
posteriorly from the basal dorsal surface without a distinct lateral ridge and terminating as a small
bulbous point. The ventral articular process extends from the laterposterior basal portion of the
mandible as a dorsal to ventral cuticular ridgerbm and is continuously connected to the lateral
articular process. The lateral articular process is dilated, with the medial portion extending
laterally away from a line drawn vertically from the posteriormost positions of the dorsal and
ventral processes. In full face view, the lateral articular process appears as a lateral bulge below
the dorsal ridge of the dorsal articular process and shadows the ventral process (F&§6). The
dorsal area between the basal process and dorsal articular process is imded and when

mandibles are closed the process of the clypeus extends into this cavity (5i§).

Clypeus about 1.5 times as wide as long. Eye apparent (0.070) with-16 pigmented
ommatidia. Scape sulkzylindrical with shallowly curved subbasal bend. Venblateral margin of
head in front of eye not sharply defined, strongly indented or concave. Postbucal impression
absent. Preocular carina and upper margin of the antennal scrobe in profile short, terminating

anterior of eye.

Mesosoma shallowly and graduajl impressed between pronotum and propodeum. Declivity
of propodeum with two bluntly rounded triangular teeth that are just longer than the lamella
connecting them (upper tooth = 0.062, lower tooth = 0.50, lamella at shallowest point between =
0.046).

In profile view, bulla of propodeal spiracle located at dorsamost position of propodeum with
propodeal spiracle opening facing posteralorsally and forming lateral bulges that disrupt the
outline in dorsal view. Spiracle opening much narrower than EL (.022Petiolar node longer
(0.127) than wide (0.113). Postpetiolar disc longer (0.185) than wide (0.153.First gastral tergite

with no basigastral costulae past the limbus.

Sculpture. Head, and rest of body smooth and shining and without obvious sculpture ottiban
piligrous punctations where setae arise. Basigastral sculpture limited to costulae within the

limbus and do not extend onto the surface of the first gastral tergite.
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Pilosity. The background pilosity of all surfaces (mandibles, head, mesosoma, pkdjo
postpetiole, abdomen, and legs) are covered in evenly spaced simple to subflagellate erect to
suberect setae that vary in length and are apically pointed. Head without differentiated
apicoscrobal setae and leading edge of scape also without differeritid setae, pilosity of scape on
all surfaces consists of short erect simple setae tending to point towards apex, none are recurved
as to point to the base, and scape pilosity is similar to those elsewhere on head. Differentiated
longer subflagellate to flagellate setae are limited to a pair straddling the midline on the anterior
margin of clypeus that extend over mandibles when closed, a lateral pair on pronotal shoulders, a
pair arising from ventral portion of propodeal spiracle, one to two pairs on the dcsum of petiole,
and postpetiole. The majority of pilosity on gaster consist of slightly longer subflagellate setae

than those on mesosoma.

Spongiform appendages. Length of lateral lobe of petiole weakly developed and visible only as
a thin carinae along psterior third of node; expanded as a thin cuticular flange just behind the
node in dorsal view. Subpetiolar flange developed as a thin cuticular narrow flange deepest
posteriorly (0.046). Lateral lobes of postpetiole distinct and separated from the antesi flange of
the post petiolar disc and do not connect posteriorly leaving a medial posterior gap along the
posterior portion of disc (most easily seen in dorsal view). In profile, ventral lobe of postpetiole
also weakly-developed (0.053 in depth) and mub narrower than the exposed height of

postpetiolar node (0.149).

Color. Yellow uniform light reddish brown.

Queen and malenknown.
Etymology

Many cultures have recognized a spectrum of genders between and beyond the binary of male
and female. However, by following a rule exampled in the International Code of Nomenclature
(ICZN 1999) for how to name species after individuals, one might concluamly binary gender
assignments possible when assigning new species names derived from Latin. Dubois (2007)
provides clarification to this rule stating that there is no need to amendr Latinize personalnames
Z and therefore no need to assign gender. Inoatrast to the traditional naming practices that
identify individuals as one of two distinct genders, we have chosen a ndratinized portmanteau
honoring the artist Jeremy Ayers and representing people that do not identify with conventional
binary gender assignmentsz Strumigenys ayersthey 4 EA OOE A U 8-binarA dehderil EUA O
identifiers in order to reflect recent evolution in English pronoun use- 'they, them, their' and
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address a more inclusive and expansive understanding of nareutral gender identification.
Strumigenysayerstheysp. nov. is thus inclusively named in honor of Jeremy Ayers for the
multitude of humans among the spectrum of gender who have been unrepresented under
traditional naming practices. Jeremy was a multifaceted and beloved Atherizased (GA, USA)
artist and activist whose humanity and achievements defied the limits of categorized
classification. Jeremy brought an intellectual and playful, Pdike curiosity to every aspect of his
life. He was a writer, philosopher, painter, musicia, activist, photographer, gardener, and
exploder of boundaries who transformed the culture that surrounded him. His deep appreciation
of the variety and minute details of the natural world astounded all who knew him. In the spirit of

Jeremy, wealso propcse that the-they suffix can be used for singular honorific names of nen

binary identifiers in compliance with the ICZN.

Fig. 5.5 Colorized uCT surface renders of the head 8f ayersthegp. nov. A Head in full face
view and B view from apex of mandibles looking towards base of mandibles. Black arrows
represent closing motions and red arrows represent opening motions of mandibles.
Abbreviations: bpm z basal process of mandibleclp z clypeus (yellow),dfc z dorsal articular
surface of oral cavity (green),dmap z dorsal articular process of mandible,lbp z labral
articular process,lh z labral hood, Ibm z labrum (lavender), md z mandible (red), vmap z
ventral articular process of mandible,vpc z ventral articular process of clypais in orange. As
the mandibles open towards latched position, the labrum (Ibm) hinges upwards such that the
basal mandibular process (bmp) latches into the complementary pocket of the labrum (Ibp)
and the dorsal articular process of the mandible (dmap) aitulates freely within the dorsal

articular surface of the oral cavity (dfc) around the ventral process of the clypeus (vpc). The
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labral hood (lh) and the ventral processes of the clypeus (vpc) forms a pair of pockets housing

the basal mandibular processt§mp) of each mandible.

Fig. 5.6 Comparison of the mandibles betweers. louisianagleft) and S. ayerstheyp. nov.
(right). Abbreviations: aba z apodeme attachment location of the abductor muscleda z
apodeme attachment location of the adductor muselbpm z basal process of mandibledmap
Z dorsal articular process of mandibleJmap z lateral articular process of mandibleyvmap z

ventral articular process of mandible. lllustrations adapted from Booher et al. (2021).

5.5 DISCUSSND

As morphological convergence is rampant amongtrumigenysmorphotypes (short or long
mandible species) it is difficult to determine by morphology alone how species are related (Ward
et al. 2014). However, within biogeographic regions, speciegroups of momphologically similar
Strumigenysspecies are often phylogenetically most closely related (Booher 2021). As such,
morphological speciesgroups are relevant and useful for identification as well as evolutionary
research (Booher et al. 2021). In the construan of Strumigenysmorphological speciesgroups,
differences in the position, presence, and shape of pilosity are of major importance. For example,
the direction and shape of hairs along the clypeal margin and along the leading edge of the scape
separatesseveral Nearctic speciegroups e.g.pulchella, ornata,and talpa groups (Bolton 2000).
Similarly, slight differences in sculpturing help to identify similar species, but major differences
in sculpture (i.e., having sculpture present across most cuticulasurfaces compared to no

sculpture) do not occur among species within angtrumigenysspeciesgroup. We further justify
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