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Abstract Mesoamerican biodiversity is increasingly

threatened by anthropogenic destruction of natural land

cover. Habitat degradation and climate change are primary

threats to specialized forest odonate species that are

important model organisms for forest health and defining

conservation units. The extreme niche specialization of

Megaloprepus caerulatus, the world’s largest extant odo-

nate, makes it well suited as an indicator for changing

environmental conditions. Megaloprepus, which is con-

sidered to be a monospecific genus, is highly dependent on

old growth forests whose water filled tree holes are limiting

reproductive resources for this species. Here, we focus on

the question how historical and recent fragmentation

events, strong niche conservatism and ecological condi-

tions have affected population dynamics, viability and the

species status in this evolutionarily old genus. Two

mitochondrial sequence markers (ND1 and 16S rRNA) and

a set of microsatellites were used to analyze population

structure and genetic diversity of M. caerulatus in the

northern part of its distributional range. Results suggested

an absence of gene flow and no shared haplotypes among

the study populations. Statistical parsimony indicated high

sub-structuring among populations with sequence diversity

similar to levels found at the species level compared to

other odonates. In sum, the genetic data suggest that

Megaloprepus may actually consist of more than one

species. The taxonomic status of the group should be

revised in light of the three distinct genetic clusters found

in different forest regions. The results may also allow

insights into the impact of recent and historical habitat

fragmentation on a strong Neotropical forest restricted

insect species.

Keywords Conservation genetics � Speciation �
Neotropical primary forests � Odonata

Introduction

Neotropical forests are among the most species rich bio-

geographical regions on earth (Myers et al. 2000). Meso-

american tropical forests present a particularly high

biodiversity, which results from the confluence of flora and

fauna from the two major biogeographic regions of North

and South America (Stehli and Webb 1985). South

migration of North American forms (Nearctic species)

dominated the Cenozoic and north expansion of Neotrop-

ical biota occurred in the late Pliocene (Rich and Rich

1983; Stehli and Webb 1985). Geological history, high

climate variation over a small area, and a diverse geogra-

phy are further contribute to the unique biodiversity and
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high levels of endemism found in Mesoamerica (Myers

et al. 2000; Calderón et al. 2004; Mayhew et al. 2008). Not

surprisingly only a fraction of its forest biodiversity has

been described as there are areas that have yet to be

explored.

Today Neotropical rainforests face on-going destruction

due to human activities that result in a contemporary

assortment of forest patches surrounded by urban areas

(e.g. Magurran and Dornelas 2010). High fragmentation

rates along with climate change are the driving forces for

species extinction, loss of biological dynamics, separation

of populations, and declines in population size and viability

(Pimm and Raven 2000; Wright and Muller-Landau 2006;

Balint et al. 2011; Brodie et al. 2011). Highly specialized

species that are sensitive to forest instability are valuable

markers for conservation management, since forest dis-

turbance can rapidly lead to impacts on population struc-

ture and ultimately to population decline (Pimm et al.

1995). Thus, research on the genetic diversity, population

structure and dispersal of ‘marker species’ has become a

promising approach to translate ‘‘conservation science into

conservation practice’’ (Sutherland et al. 2009).

Insects, with their extraordinary species richness com-

prising an estimated 80 % of total global biodiversity of

macrofauna (Bisby et al. 2013), diverse habitat adaptations,

and their role in essential ecosystem functions (Lewis and

Basset 2007; Gullan and Cranston 2010) offer high

potential for rapid monitoring of protected areas as well as

indicators of the consequences of habitat loss or fragmen-

tation on species assemblages in tropical forests (e.g.

Brown 1997; Schulze et al. 2004; Hayes et al. 2009). Od-

onates (dragonflies and damselflies) in particular provide

excellent model organisms for conservation ecology and

evolutionary biology research due to their specific life

history traits and habitat requirements (e.g. Corbet 1999;

Cordero Rivera 2006; Córdoba-Aguilar 2008). Their pre-

sence or absence at a specific site is often directly linked to

(micro) climate, geography, diversity of freshwater

resources, and surrounding vegetation (Orr 2006; Hassall

and Thompson 2008; Kalkman et al. 2008).

Among odonates, the most useful bioindicators for

tropical forests are species with a wide distributional range

but with a narrow ecological niche; the latter makes them

sensitive to relatively small environmental changes. A

forest specialist, which harbors this potential for such a

model organism, is the Pseudostigmatid damselfly Mega-

loprepus caerulatus (Odonata: Zygoptera). As the world0s
largest extant odonate it is distributed throughout the

Neotropics from Mexico to Bolivia (Davies and Tobin

1984). Across its geographic range its fundamental eco-

logical niche is old growth forest with a closed canopy

(Hedström and Sahlén 2001, 2003; Fincke and Hedström

2008). The literature describes only one species within the

genus Megaloprepus: M. caerulatus caerulatus, with two

potential subspecies from Mesoamerica and South Amer-

ica: M. caerulatus brevistigma and M. caerulatus latipennis

(Steinmann 1997; Heckman 2008), whereat M. caerulatus

latipennis is considered as a synonym for the nominal M.

caerulatus (Garrison et al. 2010). The specific geographical

distribution of the subspecies (i.e. M. caerulatus brevi-

stigma) is in dispute (Steinmann 1997; Heckman 2008).

Verification of its current taxonomic status, phylogeo-

graphic patterns, and contemporary distributional ranges

with respect to forest history and destruction are needed.

Megaloprepus is one of only 19 described species within

the family of giant damselflies, Pseudostigmatidae (Heck-

man 2008; Ingley et al. 2012); all are specialized to use

water-filled plant containers (i.e. phytotelmata) as larval

habitats (Fincke 1998; reviewed by Fincke 2006). Within

the Pseudostigmatidae only one genus (Coryphagrion

grandis) inhabits eastern African coastal forests as primary

ecological niche (Clausnitzer and Lindeboom 2002; Gro-

eneveld et al. 2007). All other members of the family are

registered to the Neotropics (Steinmann 1997; Fincke

2006; Heckman 2008). Whereas Megaloprepus seems to

have remained a monospecific genus, inhabiting a highly

conserved niche preserved over evolutionary time scales,

Mecistogaster has radiated into ten species (53 % of the

total species within the family Pseudostigmatidae), likely

due to its ability to adapt to a variety phytotelmata and

habitat conditions ranging from disturbed secondary to

primary forest. On the other hand, species with strong

niche conservatism may not be able to adapt sufficiently to

new ecological conditions nor to rapid environmental

changes caused by anthropogenic activity (Holt and

Gomulkiewicz 2004; Wiens and Graham 2005). Rather,

such changes lead to small, isolated populations, reduced

genetic diversity with little potential for adaptation. Con-

sequently, niche conservatism over large time scales should

result in strict vicariant speciation, which occurs in geo-

graphic rather than ecological dimensions. To answer the

question if independent evolutionary processes in popula-

tions of geographically isolated regions have led to diver-

sification patterns and/or if the strong niche conservatism

and recent forest fragmentation resulted in small, inbreed

populations, patterns of genetic structure and genealogical

relationships in and among four populations from Mexico

to Central America were analyzed. Furthermore, a phylo-

genetic framework was constructed to gain deeper insights

into the taxonomic status of the genus Megaloprepus.

Results are discussed within the context of recent and past

forest history.
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Materials and methods

Study areas and sampling methods

Tissue samples were collected at four localities in Central

America and southern Mexico spanning M. caerulatus0

northern geographical range during two breeding seasons

in 2009/10 and 2011/12 (see Fig. 1). Populations were in

either primary (RBLT, CNP) or old growth secondary

forests (BCI, LS). Anthropogenic impact and fragmenta-

tion rates as well as size and connectivity to other forest

patches varied considerable between sites. On the Pacific

slope, the Corcovado National Park (CNP, Área de Con-

servación Osa—ACOSA) including the sampling site

around the Sirena Station, covered the largest forested area

of about 41,800 ha surrounded by the 0Golfo Dulce Forest

Reserve’ (Carrillo et al. 2002). Selected sampling localities

located on the Caribbean slope are smaller. The Biological

Research Station La Selva, Costa Rica (LS, Organization

for Tropical Studies), covered 1,536 ha with 55 % primary

forest, but is directly connected at its southern border to the
0Braulio Carrillo National Park’ (McDade and Hartshorn

1994). Barro Colorado Island, Panama (BCI; Smithsonian

Tropical Research Institute), with its 1,500 ha forest was

formed between the Pacific and Atlantic slopes with the

creation of Gatun Lake during the years 1910–1914. In the

northeast, across the canal from BCI lies the National Park

Soberania (12,000 ha) (Leigh 1999). On the Atlantic slope,

within the Los Tuxtlas Biosphere Reserve, Mexico

(RBLT), the most northern locality, the collection site of

Laguna Escondida, is contiguous with 640 ha of the Los

Tuxtlas Tropical Biology Station and connected to the
0Sierra de San Martin’ (Estrada 1982).

Within each locality, the size of monitored areas ranged

from 64 ha at La Selva to 15 ha at Los Tuxtlas (CNP:

24 ha and BCI: 32 ha). During the field sessions the con-

ditions of water filled tree holes were monitored from the

ground to up to 2 m in height. The water volume was

measured using a 3 L measuring cup; temperature, pH and

conductivity were determined using a pH meter (PCE-228,

Fig. 1 Megaloprepus sample sites in Central America and the South

of Mexico. Map shows the frontiers of Mesoamerica, where all

political borders displayed with black lines. Different sampling

localities are visualized with red dots: Barro Colorado Island (BCI),

Corcovado National Park (CNP), Biological Research Station La

Selva (LS), and Los Tuxtlas Biosphere Reserve (RBLT). Further-

more, types of land-use are illustrated in different colors. ArcView

GIS 3.3 (ESRI 2002), source: CCAD (Comisión Centroamericana de

Ambiente y Desarrollo), July 2010. (Color figure online)
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PCE Inst.). Density was calculated as the number of tree

holes over 0.1 L that were found within each sampling

area. Megaloprepus larva occupancy was calculated as the

percentage of the holes that contained at least one Mega-

loprepus larva and tree holes were classified as either large

(C1 L of water) or small (\l L).

Tissue samples were collected non-destructively (Fincke

and Hadrys 2001) from adult individuals or larvae and

stored in 98 % ethanol. On BCI and La Selva material

originate exclusively from the right middle tibia of adults.

At Los Tuxtlas and Corcovado National Park, most samples

were from the caudal lamellae of larvae (terminal gills)

(Table 1). To minimize the collection of siblings at the latter

two sites, larvae were taken from 20 to 48 different tree

holes, respectively. Within a given hole, multiple larvae

sampled were always at different developmental stages

(different instars). Tissue samples were collected from a

total of 138 Megaloprepus individuals.

DNA extraction, amplification, and sequencing

Isolation of total genomic DNA was conducted using a

modified phenol–chloroform extraction protocol (Hadrys

et al. 1992). Two mitochondrial genes, the 16S rRNA (16S)

and the NADH-dehydrogenase subunit 1 including partial

16S rRNA and tRNALeu (ND1) were used as molecular

markers (e.g. Groeneveld et al. 2007; Damm et al. 2010a).

Primer combinations for the 570 bp fragment of the con-

servative 16S rRNA fragment (P784 and P785) were

described in Simon et al. (1994) and for the 610 bp long

ND1 fragment in Abraham et al. (2001). Amplification of

desired products were conducted as described in Damm

et al. (2010a). All amplified products were purified by

ethanol precipitation. Sequencing reactions were conducted

bidirectionally using BigDye Terminator Cycle Sequencing

Kit (Applied Biosystems). After purification with Seph-

adexTM Gel Filtration (GE Healthcare), products were

sequenced using the ABI PRISM 310 Genetic Analyzer fol-

lowing the manufacturer’s protocol (Applied Biosystems).

Three microsatellite loci originally developed for paternity

analyses for the Barro Colorado population were checked for

amplification products following Hadrys et al. (2005).

Automated genotyping were carried out using 500 ROXTM

Size Standard (Applied Biosystems, GeneScanTM) in ABI

PRISM 310 Genetic Analyzer (Applied Biosystems);

GeneScan Analysis Software (Applied Biosystems) was

used to determine allele size relative to the standard.

Population genetic and phylogenetic analyses

Sequences were checked, assembled and edited manually

using SeqMan II (vers. 5.03; DNAStar, Inc.). Multiple

consensus sequences were aligned for each marker gene

independently in Muscle vers. 3.6 (Edgar 2004) and edited

in Quickalign (Müller and Müller 2003). Final alignments

were analyzed using different programs for basic genetic

statistics and general diversity information. The number of

haplotypes (H), haplotype diversity (h), and nucleotide

diversity (p) were calculated using DnaSP vers. 5.10

(Librado and Rozas 2009), whereas gaps were considered

as the fifth state. To visualize genealogies at the population

level, haplotype networks based on statistical parsimony

algorithm were constructed using the default settings of

TCS, vers. 1.13 (default parsimony connection limit of

95 %) (Clement et al. 2000). A hierarchical analysis of

molecular variance (AMOVA) (Excoffier et al. 1992)

implemented in ARLEQUIN vers. 3.5 (Excoffier and Li-

scher 2010) was conducted to detect genetic sub-structur-

ing within and among populations via a refined FST

approach without any grouping of populations (1,000 per-

mutations). Finally, using the Kimura 2-parameter (K2P)

model (Kimura 1980) pairwise sequence divergence

between and within groups were calculated in MEGA 5

(Tamura et al. 2011).

Comparisons of population structure via microsatellites

were conducted using ARLEQUIN (Excoffier et al. 1992).

Allele frequencies were calculated in GENEPOP vers.

4.0.10 (Rousset 2008) and Bayesian multi-locus clustering

Table 1 Sampling properties for Megaloprepus

Sampling locality, abb. Country GPS Data N Samples (N)

Latitude Longitude

Barro Colorado Island, BCI Panama 9�09054.070 0N 79�50012.270 0W 56 A = 56

Corcovado National Park, CNP Costa Rica 8�32032.420 0N 83�34013.390 0W 31 A = 9,

L = 22

Biological Research Station La Selva, LS Costa Rica 10�28058.650 0N 84�00058.960 0W 32 A = 32

Los Tuxtlas Biosphere Reserve, RBLT Mexico 13�35006.350 0N 95�04030.220 0W 19 A = 1,

L = 18

The number of tissue samples (N) are divided in sample types (larvae = L, adult individuals = A) per sampling locality. For each sampling

position the geographical data and its used abbreviation in the text are presented
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was applied as implemented in STRUCTURE version 2.1

(Pritchard et al. 2000) placing all individuals into K pop-

ulations. For correct estimation of K, the DK statistic was

used (Evanno et al. 2005), runs with K values were repe-

ated 20 times with a burn-in period of 105 steps followed

by 105 Markov chain Monte Carlo replicates.

Different tree building algorithms were used to deter-

minate the taxonomic status of Megaloprepus. The three

most common haplotypes of each population were chosen

and all existing sequences of Coryphagrion, Pseudostigma,

Mecistogaster, Anomisma, and Microstigma species of the

Pseudostigmatidae family were downloaded from Gene-

Bank (Groeneveld et al. 2007; Ingley et al. 2012). The total

data set included 24 ingroup taxa. Teinobasis fortis

(Coenagrionidae, Odonata) was chosen as outgroup taxon

(see Ingley et al. 2012). 14 species were included and their

corresponding sequence accession numbers itemized (see

Table S1). Maximum Parsimony (MP) and Bayesian

analyses (BA) were applied for each marker gene inde-

pendently as well as combined. MP was performed using

PAUP* vers. 4.0b8 (Swofford 2002). A full heuristic

search was implemented under the 50 % majority-rule,

with 1,000 bootstrap (BS) replicates as well as reconnec-

tion branch swapping option (TBR) (Felsenstein 1985).

Bayesian analysis was performed in MrBayes vers. 3.1.2

(Ronquist and Huelsenbeck 2003). The most likely model

of nucleotide substitution was searched separately for each

locus using ModelTest vers. 3.7 (Posada and Crandall

1998) and the Akaike Information Criterion (AIC) (Akaike

1973). Finally, two independent runs were performed under

the best fit-model (GTR ? I ? G) for 20 9 106 genera-

tions and each four Markov chains. Trees were sampled

every 1,000 generations and the first 20,000 trees were

discarded as ‘burn-in’ after reaching stationary. Remaining

trees were used to calculate posterior probabilities as well

as consensus topology.

Results

Site differences in tree hole characteristics

and occupancy

The highest density of tree holes per ha was found in

Corcovado National Park followed by Los Tuxtlas Bio-

sphere Reserve (Table 2). The percentage of large tree

holes (C1 L) was highest in Corcovado and BCI (between

43 and 45 %) and low in Los Tuxtlas (20 %). At the latter

site, 71 % of tree holes were occupied with Megaloprepus

larvae whereas in La Selva larvae were only found in 43 %

of water filled tree holes (Table 2). There were significant

differences in pH (p B 0.01), water temperature

(p B 0.01), and conductivity (p B 0.01) of holes among

the sampling sites, but no difference in water volume

(p = 0.11) (one-way ANOVA).

Population genetic and phylogenetic analyses

The final ND1 and 16S rRNA alignments consisted of 109

and 111 sequences, respectively. For ND1, there was an

alignment length of 572 bp including 68 parsimony-infor-

mative characters. For the 16S fragment the alignment was

488 bp long including 30 parsimony-informative sites.

Genetic diversity estimates indicated high variation

among sampling sites. For the ND1 gene fragment the

Corcovado population showed the highest haplotype

diversity (h = 0.84) as well as the highest nucleotide

diversity (p = 0.29). In contrast, the BCI population had

the lowest number of haplotypes and nucleotide diversity

(h = 0.43, p = 0.09). For 16S rRNA fragment high

diversities were found on BCI (h = 0.77, p = 0.26), fol-

lowed by Corcovado National Park (h = 0.44, p = 0.26)

and La Selva (h = 0.17, p = 0.04). Lowest diversity

(h = 0.00, p = 0.00) was received in the Los Tuxtlas

populations (Table 3).

TCS statistical parsimony networks showing genealog-

ical relationships between closely related haplotypes

revealed strong sub-structuring (Fig. 2). Among the four

populations, only those of BCI and La Selva were still

connected, however with five mutational steps between the

most common haplotypes, respectively. Los Tuxtlas and

Corcovado split into separate networks indicating strong

genetic isolation. Furthermore, all populations contained

population specific haplotypes and no shared haplotypes

were detected for either maker gene. For ND1, 30 haplo-

types were found. Most haplotypes were in Corcovado

(H = 10) and La Selva (H = 9) populations; fewer in Los

Tuxtlas (H = 6) and BCI (H = 5). Only 13 haplotypes

were defined for 16S rRNA (Table 3).

Pairwise nucleotide sequence divergences, measured

using the K2P model, showed similar patterns for both

marker genes (Table 4). Among populations, genetic dis-

tances for ND1 between BCI and La Selva were low

(1.27 %). In contrast, high distances were found between

BCI (7.02 %), La Selva (7.13 %), as well as Los Tuxtlas

(6.79 %), and Corcovado. The highest genetic divergences

in ND1 were between La Selva and Los Tuxtlas (ND1:

7.52 %). In 16S rRNA distances among Los Tuxtlas and all

other populations were high (BCI: 4.87 %, La Selva:

4.74 % and Corcovado: 4.50 %) as well as between Cor-

covado and the other populations. Comparisons of F-sta-

tistics among all sampling localities showed significantly

high (p \ 0.01) genetic differentiation, indicating a lack of

gene flow among populations. The lowest FST value found

was between La Selva and BCI in the ND1 marker gene
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(FST = 0.85). All other values are higher; with FST = 0.99

between the Corcovado and BCI.

Additional microsatellite typing revealed 40 different

alleles for three of the tested microsatellite loci (MeAB

3/11: 7 alleles, MeAB 12/15: 9 alleles, MeAB 5/19: 24

alleles) with 11 shared alleles for 56 individuals from BCI

and 32 from La Selva. No products could be amplified for

any locus of all individuals from Corcovado National Park

(N = 31) as well as Los Tuxtlas (N = 19). Gene diversities

obtained in BCI were higher (0.82) than in La Selva (0.65).

Both populations showed significant (p \ 0.01) deviation

from the Hardy–Weinberg equilibrium where observed

heterozygosity lied between 0.56 and 0.75. FST values

showed high differentiation (11.89 %) confirming the

strong clusters obtained in STRUCTURE: La Selva and

BCI (data not shown).

Phylogenetic relationships

The multiple sequence alignment contained in total 902 bp

(16S rRNA: 432 bp and ND1: 470 bp) for 25 ingroup taxa

and one outgroup taxon (Table S1). In total 398 variable

sites including 273 parsimony-informative sites (16S: 123;

ND1: 150) were found. Both tree reconstruction methods,

MP and BA, exhibited identical topologies and well-sup-

ported nodes for both markers. Figure 3 shows the BA

phylogram of the combined data set resolving three clades

within the Pseudostigmatidae (see also Ingley et al. 2012).

The three clades are composed of the genera:

(i) Coryphagion, (ii) Pseudostigma ? Mecistogaster, and

(iii) Anomisma, Microstigma ? Megaloprepus, with Mi-

crostigma as sister taxon to Megaloprepus. For Megalo-

prepus three distinct clusters with high support values

([50 % BS and [0.73 PP) were obtained (Fig. 3) consis-

tent with the haplotype networks and the results of the

distance measurements.

Discussion

In this study we evaluated, for the first time, the species status

based on genetic data of a forest restricted odonate over its

distributional range in Mesoamerican old growth forests. We

found high evidence that, the narrow niche specialization of

Megaloprepus has resulted in considerable population sub-

structuring over a wide geographical range.

Genealogical relationships

Analysis of genealogical relationships among the study

populations indicated high sub-structuring and complete

genetic isolation among most populations. Statistical par-

simony networks separated three distinct clusters: (i) Los

Tuxtlas Biosphere Reserve, (ii) Corcovado National Park

and (iii) La Selva ? Barro Colorado Island (still geneti-

cally connected). The FST values indicated nearly no gene

flow and large genetic differentiation between all popula-

tions studied. The genetic distances among populations

Table 2 Water filled tree hole data. Shown are the numbers of tree

holes per sampling locality (N), the percent of tree holes containing

more than 1 L of water, its occupancy with Megaloprepus larvae, and

the number of water filled tree holes per ha. In addition the mean

water temperature (�xT �C), the mean pH (�x pH), and the mean

conductivity (�x mS). Sampling localities are: Barro Colorado Island

(BCI), Corcovado National Park (CNP), Biological Research Station

La Selva (LS), and Los Tuxtlas Biosphere Reserve (RBLT)

N Tree holes C1 L (%) Occupancy (%) Tree holes/ha �x T (�C) (±SD) �x pH (±SD) �x (mS) (±SD) �x (ml) (±SD)

BCI 11 45 55 0.34 26.30 (±1.11) 7.07 (±0.25) 0.44 (±0.16) 2199.09 (±2582.6)

CNP 48 43 63 2 25.73 (±1.09) 6.08 (±0.82) 1.98 (±3.78) 1459.48 (±1708.3)

LS 14 29 43 0.22 24.55 (±1.45) 4.56 (±0.46) 14.98 (±26.98) 739.28 (±537.72)

RBLT 20 20 71 1.33 23.54 (±0.59) 6.14 (±0.36) 32.42 (±26.88) 671.42 (±626.4)

Table 3 Main characteristics of mitochondrial sequence marker ND1 and 16S rRNA for the four Megaloprepus populations: Barro Colorado

Island (BCI), Corcovado National Park (CNP), Biological Research Station La Selva (LS), and Los Tuxtlas Biosphere Reserve (RBLT)

ND1 16S

N H h (±SD) p % (±SD) N H h (±SD) p % (±SD)

BCI 31 5 0.43 (±0.10) 0.09 (±0.03) 32 7 0.77 (±0.07) 0.26 (±0.19)

CNP 29 10 0.84 (±0.05) 0.29 (±0.06) 31 3 0.44 (±0.08) 0.10 (±0.01)

LS 30 9 0.76 (±0.06) 0.28 (±0.06) 30 2 0.19 (±0.09) 0.04 (±0.06)

RBLT 19 6 0.75 (±0.09) 0.17 (±0.03) 18 1 0.00 (±0.00) 0.00 (±0.00)

Presented are number of individuals (N), number of (private) haplotypes (H), haplotype diversity (h), and nucleotide diversity (p) in percent per

population
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were high between the southern (BCI, LS) and the northern

population (RBLT) as well as between the Corcovado

National Park and all other populations. In contrast, lower

distances were found between La Selva and Barro

Colorado Island. Moreover, the phylogenetic tree topology

supported three clades within Megaloprepus.

Further findings underline the discovered diversification

pattern here. First, the genetic distances between the

Fig. 2 Statistical parsimony haplotype networks based on two

mitochondrial marker genes ND1 and 16S rRNA for all sampling

localities. Each sampling point is illustrated in both networks with the

same color. Haplotype diversity can be seen in the number of circles

and rectangles. Strong phylogeographic structuring was obtained

between populations. Barro Colorado Island and La Selva are still

connected by mutational steps (blank circles). The considered

ancestral haplotypes are depicted as rectangles, all other haplotypes

as circles, whereas the sizes of rectangles and circles correlate with

haplotype frequency within each network

Table 4 Genetic diversity estimates between populations for ND1 and 16S rRNA

ND1 16S rRNA

BCI CNP LS RBLT BCI CNP LS RBLT

BCI 0.10 0.20

CNP 7.02 0.30 3.98 0.01

LS 1.27 7.13 0.30 1.43 4.08 0.04

RBLT 7.50 6.79 7.52 0.20 4.87 4.50 4.74 0.00

BCI – –

CNP 0.97* – 0.99* –

LS 0.85* 0.96* – 0.99* 0.98* –

RBLT 0.98* 0.96* 0.97* – 0.97* 0.89* 0.96* –

Pairwise nucleotide sequence divergence in % between and within groups using Kimura’s 2-parameter model (K2P) for all Megaloprepus

populations (above) and population pairwise FST values (below) are shown. Significances are marked with an asterisk (p B 0.001). Population

abbreviations: Barro Colorado Island (BCI), Corcovado National Park (CNP), Biological Research Station La Selva (LS), and Los Tuxtlas

Biosphere Reserve (RBLT)
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Megaloprepus populations were similar to the distance

values found between described real sister species within

the same family. In the conserved 16S rRNA fragment, we

found high genetic distances among the suggested Mega-

loprepus clades of at least 3.98 % (Table 4). Similarly,

within the genus Mecistogaster the divergence values

ranged from 3.08 to 4.03 % between M. jocaste, M. asticta,

M. martinezi (Table S2). Secondly, support is given by

additional tests of the microsatellite system (Fincke and

Hadrys 2001; Hadrys et al. 2005). The originally estab-

lished species specific microsatellite system for larvae and

adults provided high resolution results in paternity analyses

for the population on Barro Colorado Island (Fincke and

Hadrys 2001). In the presented study microsatellite typing

revealed 40 different alleles with 11 shared alleles for 56

individuals from BCI and 32 from La Selva and a high

differentiation between the BCI and La Selva populations

(FST value: 11.89 %) confirming the structure detected by

16S rRNA and ND1 sequence markers. However, the

repetitive failure to amplify products for any locus of all

individuals (adults and larvae) from Corcovado National

Park (N = 31) as well as Los Tuxtlas (N = 19) may further

support the mitochondrial sequence marker applied.

Microsatellites are well established molecular marker sys-

tems for a variety of odonate species and all are known to

be highly species specific and work best at lowest taxo-

nomic levels (e.g. for paternity and fine scale population

genetic studies) (e.g. Hadrys et al. 2005, 2007a, b; Giere

Fig. 3 Phylogenetic classification of the Megaloprepus ‘‘cluster’’.

Bayesian consensus phylogram (16S rRNA and ND1) including 12

species of the family of the Pseudostigmatidae and the three most

frequent haplotypes of each population of Megaloprepus data set.

Additionally, Teinobasis fortis was used as outgroup to root the tree.

Posterior probability values (PP) calculated on the basis of 20,002
0post-burn-in’ trees and maximum parsimony bootstrap supports (BS)

above 50 % (1,000 replicates) are presented for each node. Coloration

for the different populations of Megaloprepus comport with the

coloration in the haplotype network (see Fig. 2 above)
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and Hadrys 2006; Carballa et al. 2007; Damm and Hadrys

2012). In genome comparisons of wasps for example only

17–23 % of possible microsatellites were shared by three

sister species (Pannebakker et al. 2010). Furthermore,

microsatellite abundance and distribution are variable

between insect species (Pannebakker et al. 2010 and ref-

erences therein). This indicates that a great percentage of

randomly generated microsatellites may not appropriate for

interspecific cross amplifications even across closely rela-

ted sister species, mainly due to mutations in the flanking

regions (Rutkowski et al. 2011). Consequently, the failure

to detect amplification products for two geographic sites in

Megaloprepus is consistent with ongoing large-scale spe-

ciation processes and the genetic distances detected by

more conserved gene sequences. Nevertheless, the inability

of microsatellite loci amplification may have several cau-

ses. While technical issues could be excluded, mutations in

the flanking regions remain to be solved.

Finally, populations differed in phenotypic characters,

e.g. wing coloration and size as discovered earlier (Fincke

2006; Schultz and Fincke 2009). Individuals from Barro

Colorado Island are smaller than individuals from the Los

Tuxtlas Biosphere Reserve (Fincke 1998, 2006) and sex-

ually dimorphic wings are only present in populations from

La Selva and Barro Colorado Island. In contrast, in Cor-

covado National Park and Los Tuxtlas populations, both

females and males feature similar wing coloration and lack

the characteristic matte-white band on all four wings in

males, a taxon specific character. Consequently, we assume

that Megaloprepus is in the process of speciating or has

recently undergone speciation. Within its northern distri-

butional range the genus should not be considered a single

species genus anymore. An integrative study of morphol-

ogy and population ecology across different clusters could

provide additional insights into the phenotypic differences

underlying the detected genotypic pattern.

Speciation in the Neotropics

According to Groeneveld et al. (2007) the Pseudostigmat-

idae family is an old Gondwana relict. Consequently, it can

be assumed that the historical distribution of the New

World species (genera: Pseudostigma, Mecistogaster,

Anomisma, Microstigma, and Megaloprepus) might have

been in northern portion of South America. Due to the

closing of the land bridge between south Nicaragua and

Colombia (Bolivar Trench) in late Pliocene (about 3 mil-

lion years ago) (Rich and Rich 1983) these genera may

have dispersed northward (Kalkman et al. 2008). Megalo-

prepus probably inhabited the Caribbean as well as the

Pacific Coast simultaneously. Support for this hypothesis is

found in the close relatedness of Megaloprepus to Micro-

stigma and Anomisma, genera which are distributed

exclusively throughout South America. However, the nar-

rowness of Megaloprepus fundamental ecological niche

has important implications on the distribution and con-

nectivity between populations. When large primary habi-

tats become interrupted by geographical events, gene flow

between populations is inhibited and populations become

geographically isolated. In the face of niche conservatism

this separation can either led to the extinction of small

populations or promotes genetic diversification leading to

allopatric speciation (Kozak and Wiens 2010; Wiens et al.

2010). Beginning in the northwestern lowlands of Costa

Rica up to southwest Mexico, dry forests with a prolonged

dry season are common in the Pacific lowlands (Murphy

and Lugo 1995). Subsequently, the moist forest in the

southern Pacific coast of Costa Rica may have prevented

Megaloprepus from dispersing northward, due to the spe-

cies0 sensitivity to dry conditions. The extra tropical

mountain ranges in the Center of Costa Rica (Talamancan

Cordillera) could have constituted an additional ecological

barrier between the Caribbean and Pacific regions (Coen

1983; Barrantes 2009). Historical geographic barriers

combined with recent landscape structure might have led to

the isolated range of Megaloprepus in the Corcovado

National Park. In contrast, the split among populations

from the north and south Caribbean Coast region seems to

be more recent. The geographical distance from Los

Tuxtlas in southern Mexico to La Selva and Barro Colo-

rado Island, points to isolation by distance where past

climatic conditions and restriction to small forest patches

may have led to separation of populations. Studies of the

genetic structure and ecology of other populations in

Honduras, Guatemala or Belize could highlight this

process.

Diversity within populations

As a species sensitive to drying conditions and low dispersal

ability over non-forest areas (Fincke 1994; 2006), Megalo-

prepus is susceptible to habitat disturbances (e.g. Fincke and

Hedström 2008). Within the Los Tuxtlas Biosphere Reserve,

high fragmentation rates have left mostly small remaining

forests patches, surrounded by pastures and urban areas

(Dirzo and Garcı́a 1992; Urbina-Cardona et al. 2006; Sol-

órzano Garcı́a et al. 2012) leading to a rapid M. caerulatus

population decline during the last decades (Fincke 2006;

González Soriano personal communication). This concurs

with the finding that this population had an overall low

genetic diversity (Table 4). Although the number of tree

holes found and sampled per ha was higher at Los Tuxtlas

than in BCI and La Selva, but only 20 % of these water filled

tree holes exceeded one liter in volume, that which typically

permits more than one larvae to survive to emergence at the

same time (Fincke 1994). In contrast, the Corcovado
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population exhibited high genetic diversity for both maker

genes, and similarly tree hole density appeared to be highest

at that site. Within sampling localities water filled tree holes

up to 2 m in height were monitored. Generally Megalopre-

pus larvae have been found in tree holes as high as 7 m

(Yanoviak 1999). Nevertheless, we assume that our samples

of those under two meters is representative of those also

found higher up in trees.

Population size of Megaloprepus depends in part on the

number of tree holes inside a forest patch. The greatest

recruitment of adults comes from large tree holes, which

support multiple emerging adults during a given repro-

ductive season (Fincke 1992, 1994; Fincke and Hadrys

2001). Additionally, intra-guild predation among co-

occurring tree hole predators limits Megaloprepus popu-

lations (Fincke 1992, 1994, 1998). Nevertheless, popula-

tion size should be positively correlated with the number

and size of tree species that harbor tree holes; larger trees

of a given tree hole species typically have more water filled

larval habitats (Fincke 2006). Hence, increasing forest

fragmentation will result in greater isolation of sub-popu-

lations, along with concomitant changes in (micro) climate.

Implications for conservation

In tropical forest regions odonates are essential forest ani-

mals representing important environmental indicators

(Paulson 2006). In the face of increasing patchiness of for-

ests, and without the possibility for a range shift, forest od-

onates must adapt or go extinct (e.g. Gienapp et al. 2008). In

Mesoamerica, roughly 80 % of the original forest cover has

already been lost (Harvey et al. 2008). Currently, the con-

servation status within this region includes 669 forests that

represent 10.7 % of the land area (Miller et al. 2001; DeCl-

erck et al. 2010). Even protected areas face continuing

threats as their borders become deforested, causing micro-

climatic changes (Laurance et al. 2012). Important buffer

zones as well as biological corridors that could provide long-

term protection to forest biodiversity are insufficient in this

region (DeClerck et al. 2010; Laurance et al. 2012). The Los

Tuxtlas Tropical Biology Station is especially affected by

human activities. As the most northern tropical moist forests

with high rates of endemism, the lack of connectivity among

forest patches, coupled with edge effects is threatening its

endemic species (Mendoza et al. 2005). The rate of on-going

fragmentation in this region is high, resulting in small forest

patches (B166.7 ha in mean) (Solórzano Garcı́a et al. 2012)

and remaining patches are primarily reduced to mountain

formations (i.e. precipices) unsuitable for pastures or agri-

culture. The Megaloprepus population found in this area is a

possible site-endemic species and should receive priorities in

conservation, especially given its continuing population

decline. In contrast, in the relatively large Corcovado

National Park, Megaloprepus exhibits greater genetic

diversity. On Barro Colorado Island, which is protected from

most human influences, the population seems to have

remained stable over three decades. Here microsatellite

monitoring over a 25-year period showed no significant

changes in allelic diversities or allele frequencies (Feindt and

Hadrys, unpublished data). Studies of European Odonates

have shown a direct correlation of landscape structure and

population isolation, as well as lack of genetic diversities in

small populations and genetic isolation (Hadrys et al. 2006;

Watts et al. 2004, 2007). In addition to habitat loss, many

invertebrates are highly susceptible to climate change

(Deutsch et al. 2008). In tropical regions the change of

(micro) climates within forests, modifications of rain sea-

sons, and increasing drying present serious challenges to

their survival (e.g. Deutsch et al. 2008).

Effective conservation strategies or management deci-

sions need a solid background regarding the status quo of a

given species (DeSalle and Amato 2004; Hadrys et al.

2006; Lewis and Basset 2007; Pertoldi et al. 2007; Damm

et al. 2010b). The discovery of ‘new’ evolutionary signif-

icant or conservation units in tropical forest sites may not

only lead to reevaluation of the taxonomic status of the

species but also of the conservation status of the forest

itself. Furthermore, the data presented here revealed

unexpected genealogical relationships and a potential

speciation process within the highly specialized genus

Megaloprepus. Recent forest status in Mesoamerica allows

the assumption of numerous site-endemic species, calling

for re-evaluations of some conservation priorities.
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