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Whilst standing in the midst of the grandeur of a Brazilian forest, 

It is not possible to give an adequate idea 

Of the higher feelings of wonder, admiration, and devotion 

Which fill and elevate the mind. 
 

(Charles R. Darwin 1832) 

 
 
 
 
 
 
 

It is not the strongest of the species that survive, 

Nor the most intelligent, 

But the one most responsive to change. 
 

(Attributed to Charles R. Darwin) 
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Introduction 

1 INTRODUCTION 
1.1 Study Area  
1.1.1 Geology of the Amazon Basin 

Extending to the northern and southern regions surrounding the equator, the Amazon 

Basin covers an area of circa 7 million km2 (Sioli 1984a), this territory corresponding to 

approximately two-thirds of the size of Europe. In the north, it is defined by the 

Guyanian shield, while in the south and west, by the Brazilian shield and the Andes, 

respectively. The enormous drainage basin gathers water from both hemispheres, 

covering most of northern Brazil and parts of Bolivia, Peru, Ecuador, Colombia and 

Venezuela (Fig. 1). The river Amazon, regionally termed Solimões to the point of 

confluence with the Negro River in Brazil (Irion et al. 1997), flows across the area in a 

west-east direction to meet the Atlantic Ocean. With a length of approximately 6,280 

km, the Amazon is the world’s second longest river, carrying more water than any other 

river on the globe.  

The Solimões/Amazon River originates from two major headstreams, the Ucayali and 

the Marañón (Fig. 1), within the Andes, and is therefore rich in suspended 

sediments/nutrients and pH-neutral (Sioli 1984a). It is referred to as a ‘whitewater’ river 

owing to the cloudy colour of its waters. Due to the sediment load, the adjacent 

floodplains can be considered as a geochemical extension of the Andes and their foothill 

zone (Fittkau 1971). In contrast, most of the other streams carry clear water which is 

poor in such inorganic particles. Some of these rivers, e.g. the Negro River which has its 

source in a large depression to the west of the Guyanian shield, are dark and acid due to 

dissolved humic substances, resulting in the term ‘blackwater’ (Sioli 1984a). The 

adjacent floodplains, which encompass an area of circa 300,000 km2 (Irion et al. 1997), 

i.e. a region approximately the size of Italy, are distinct in sediment and soil features 

according to the quality of the respective rivers. The grounds in blackwater areas are 

equally acid and poor in nutrients, whereas soils over whitewater terrain are in general 

well buffered and relatively rich in nutrients (Sioli 1984b; Furch 1997). 

For most of its course, the Amazon River shows an average depth of circa 50 m. The 

gradient of the river is very low, with Manaus, located circa 1,610 km upstream, being 

only approximately 30 m higher than Belém (Fig. 1). Since a vast area (> 1 million km2) 

is situated less than 100 m above the present sea-level, the geomorphology of the central 

and lower Amazon Basin has been shaped by sea-level fluctuations in the Pleistocene  

8 



Introduction 

 
Figure 1. Map of the Amazon Basin (Picture: www.amazondiscover.com). 

 

(Irion et al. 1997). At its middle reaches and lower course, at present the Amazon River 

flows virtually within the sediments deposited between the ice ages, i.e. during high 

sea-levels (Sioli 1984b; Irion et al. 1997). Hence, the wide regional flood plain area is 

characterised by a mosaic of the main river, its tributaries and a multitude of islands, 

lakes and canals. That accounts for the predominantly island nature of terrestrial 

habitats in the whitewater floodplains (Sioli 1956), i.e. connections to non-flooded 

regions are extensively absent, limiting the horizontal migration facility of resident non-

flying terrestrial arthropods (Adis 1992b). In contrast, due to their low sediment charge, 

many black- and clear-water rivers have not yet replenished the bottoms shaped in the 
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ice age phases. Hence, at least at their lower courses, the respective riverbeds clearly 

exceed the size corresponding to their current water load (Irion et al. 1997). As a result, 

blackwater floodplains are naturally linked to non-flooded areas by means of an 

elevation gradient, facilitating horizontal evasion from flood waters (Sioli 1951; Adis 

1992b). 

The main study area was situated in the vicinity of Manaus, Amazonia State, Brazil 

(Fig. 1), where the Negro River discharges into the Solimões/Amazon River (Fig. 2), 

thus enabling the comparative investigation of white-and blackwater floodplains. 

Manaus is located approximately 320 km south of the equator and circa 1,800 km inland 

from the mouth of the Amazon River, i.e. placed central in the Amazon Basin. 

 

 

 EB 

 RD 

Figure 2. Study sites for collections and monitoring of P. obliterata in the vicinity of Manaus, AM, 
Brazil. Seasonal inundation forests: Marchantaria Island, MA (Várzea); Tarumã Mirím River, TM 
(Igapó); Lake Janauarí, LJ (Várzea & Igapó = mixedwater). Terra firme: Upland plantation at 
Agroflorestal Research Station CPPA/Embrapa, EB; upland forest reserve ‘Reserva A. Ducke’, RD 
(Picture: Google Earth). 
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1.1.2 Climate 

The Central Amazonian climate corresponds the ‘Ami-climate’, according to Köppen 

(1931): the lowest monthly mean temperature is 18 °C (annual amplitude < 5 °C) and 

perature of 26.6 °C. The warmest 

ber (27.2 to 27.6 °C), the coolest January to April (25.9 to 

he humid tropics, daily fluctuations in temperature 

pril. During July and August, potential evaporation can exceed 

es in water level of the rivers Solimões, 

azon and Negro, which average approximately 10 m (Amaral et al. 1997). They are 

seasons in the drainage area as well as the 

the annual precipitation ranges from 1,000 to 2,500 mm (lowest monthly precipitation: 

0 to 60 mm). 

The climate is hot and humid, with a mean annual tem

months are August to Novem

26.1 °C). As characteristic for t

exceed the seasonal ones up to > 10 °C (Irion et al. 1997). 

Based on rainfall data registered at Manaus over a period of 70 years, the annual 

precipitation averages 2,100 mm per year (Ribeiro & Adis 1984). Ribeiro & Adis 

(1984) showed that Central Amazonian floodplains and non-flooded areas are subject to 

a rainy season that lasts from December to May (average precipitation: 1,550 mm; 

258.8 ± 36.8 mm/month) and a period of low precipitation, i.e. ‘dry’ season from June 

to November (average rainfall: 550 mm; 91.8 ± 43.8 mm/month, but each month with 

some rain events). Precipitation is local, however, and can fluctuate considerably. The 

months of heaviest rainfall are January to April; the driest months are July to September 

(Adis 1981). During the dry season, day temperatures are higher and the differences 

between day and night temperatures are more pronounced (Adis 1984). Seasonally 

inundated and non-flooded areas can be discriminated climatically, since rainfall in the 

floodplain areas is distinctly lower (Ribeiro & Adis 1984). 

The relative humidity is high all over the year, ranging between 75.5 % in September 

and 86.7 % in A

precipitation (Ribeiro & Adis 1984; Irion et al. 1997). 

 

1.1.3 Water Level Regime 

In Central Amazonia, there are seasonal chang

Am

caused by the alternation of rainy and dry 

snowmelt in the Andes (Irion et al. 1997). At Manaus, Brazil, these annual fluctuations 

can result in differences up to 14 m between high and low waters of the Negro River 

(Adis 1984). Therefore, the adjacent forest areas along the three rivers, representing 

approximately 2 % of the Brazilian Amazon region (Prance 1979), are inundated to a 
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depth of several meters for 5 to 7 months each year (Amaral et al. 1997), i.e. from 

March/April to August/September, depending on terrain elevation and the height of the 

ater level rise (local rainfall has virtually no 

ion of Manaus, Brazil, where the blackwater river Negro and the whitewater 

River (Fig. 2), the bordering seasonal 

respective types of water. According to Prance 

t to the Solimões/Amazon River are called ‘seasonal Várzea’ 

 1997; Worbes 1997). In contrast, white- and mixedwater 

annual flood (Adis 1981; Junk et al. 1989). Since the duration of submersion varies 

according to altitude, lower parts are inundated for more than six months, whereas some 

higher parts always remain non-flooded (never flooded upland areas). These natural 

events, referred to as ‘monomodal flood pulse’ due to the pronounced seasonal 

periodicity (Junk et al. 1989), have occurred in the area for at least 2.4 million years 

(Irion et al. 1997). 

Due to regionally different rainy and dry seasons in the drainage basin, the rainy season 

and floodwater in the environs of Manaus are phase-delayed for approximately 4 to 6 

weeks, with precipitation preceding w

impact on the water level) (Irion et al. 1997). 

 

1.1.4 Seasonal Inundation Forests 

There are eight main types of vegetation on the inundated grounds in Central Amazonia, 

six of which are periodically flooded by annual cycles of rivers and two which are 

permanent swamp forests. They have been defined both by the vegetation cover and by 

the type of water or the duration of flooding (Prance 1979; Amaral et al. 1997), because 

the species composition seems to depend upon soil quality (i.e. available nutrients) and 

length of submersion (Adis 1984). 

In the reg

river Solimões meet to form the Amazon 

inundation forests are influenced by the 

(1979), the forests adjacen

or whitewater inundation forests (e.g. on Marchantaria Island, Fig. 2), while those along 

the Negro River are termed ‘seasonal Igapó’ or blackwater inundation forests (e.g. at 

Tarumã Mirím River, Fig. 2). The ‘seasonal Várzea & Igapó’ or mixedwater inundation 

forest is flooded by both water types (e.g. at Lake Janauarí, Fig. 2). Non-flooded upland 

areas are locally named ‘Terra firme’. 

Near Manaus, relatively high seasonal inundation forests, reaching some 30 m in height, 

are stocked on more elevated floodplains (> 22 m above sea-level), where the aquatic 

phase averages 5 to 7 months per year, i.e. from March/April to August/September 

(Adis et al. 1996a; Adis
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inundation forests in the vicinity of Nauta, Peru, are annually flooded for approximately 

three months only, i.e. from March to May (Kalliola et al. 1993). In years with a low 

maximum flood, the higher parts of the forests in the Manaus region (e.g. Lake 

Janauarí, > 26 m above sea-level, Fig. 2) are only flooded for short periods (< 90 days) 

or not at all (Vohland & Adis 1999).  

 

1.2 The Millipede Poratia obliterata  
1.2.1 Classification and Biology 

1.2.1.1 Systematics 

Millipedes (Myriapoda, Diplopoda) seem to contain as many as 80,000 species, of 

which only 11 to 12 % have been described so far (Hoffman et al. 2002). They represent 

one of the largest classes in the Animal Kingdom, more precisely the third largest 

within the Arthropoda following the Insecta and the Arachnida (Golovatch et al. 1995). 

However, when compared to the insects, which encompass several million species, the 

Diplopoda forms a relatively small taxon (Westheide & Rieger 1996). Due to meso- to 

hygrophily, most of millipede taxonomic richness and diversity as well as life-forms 

(i.e. ecomorphotypes) are encountered in the tropical and subtropical regions 

(Golovatch et al. 1995).  

Polydesmida is the largest order of millipedes and includes more than 2,700 species 

(Hopkin & Read 1992). With currently 173 nominal genera assigned, the predominantly 

tropical Pyrgodesmidae represents one of the largest families within the Polydesmida 

and Diplopoda (Golovatch & Sierwald 2001). Pyrgodesmids are small animals, ranging 

in size between 6 and 10 mm, and are often cryptic in both mode of life and colouration. 

Their taxonomy is considered highly problematic (Hoffman 1979; Hoffman et al. 2002). 

Many of the mostly monotypic genera have been based on trivial structural differences 

in peripheral characters, with numerous type species being known from juveniles or 

females only. This can be explained in part by the relative frequency of 

parthenogenesis, more precisely thelytoky, i.e. the siring of female offspring from 

males in this group (Enghoff 1978; Westheide & Rieger 1996). Hence, 

aracterised by adequate descriptions of species-specific 

), often the only reliable means for a 

unfertilised fe

relatively few species are ch

male genitalia, i.e. gonopods (Chapter 1.2.1.2

precise taxonomic identification in millipedes (Hopkin & Read 1992). In addition, some 

species appear to be distributed by man throughout the tropics (Chapter 1.2.1.6), thus 
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described under different names several times from different localities. The small size 

and complexity of gonopod structure further complicate the study of pyrgodesmids 

(Hoffman 1979; Hoffman et al. 2002). As a result, the status of the genus Poratia Cook 

& Cook, 1894 had remained unsettled (Hoffman 1979) until redefined by Golovatch & 

  

 and bears a pair of antennae, two mandibles, a so-called 

ilarium’ (modified maxillae), eyes/ocelli (if present) and a number of sensory 

structures (Fig. 3a). For instance, chemo-receptors are located at the end, while the 

probably olfactory Tömösvary caudolaterally, of the antennae. The head capsule is 

usually heavily calcified (Schubart 1934; Attems 1937; Hopkin & Read 1992).  

The body is generally long and cylindrical, often band-shaped in dorsal view due to 

lateral tergital protuberances (paranota, or paraterga), e.g. in pyrgodesmids (Attems 

1940). It is mostly heavily armoured by a calcified exoskeleton. The torso, except for 

the first four segments (including the collum or head plate), consists of characteristic 

double segments, or ‘diplosegments’, from which the term ‘Diplopoda’ derived (Fig. 

3a). Each double segment bears two leg pairs (Attems 1937; Hopkin & Read 1992). 

Although referred to as ‘millipedes’, the maximum number of limbs per specimen is 

restricted to approximately 350 leg pairs (Marek & Bond 2006). The diplosegments are 

composed of pro- and metazonites (Westheide & Rieger 1996). In polydesmidan 

millipedes, the tergites, pleurites and sternites are fused into a complete ring structure 

(Attems 1937). The prozonites are often conically narrowed to fit into the anterior 

Sierwald (2001). Based on the thelytokous type species P. digitata (Porat 1889), which 

was formerly referred to as Scytonotus digitatus Porat, 1889 (cf. Cook & Cook 1894), 

the identity of the genus could only be clarified by the recent discovery of topotypic  

(= European hothouse) male material (Jeekel 1970; Hoffman 1979; Adis et al. 2001; 

Golovatch & Sierwald 2001). Poratia is now seen as originally Neotropical, i.e. Central 

and northern South American, and at present it comprises seven species which were 

earlier assigned to various subjective synonyms (Golovatch & Sierwald 2001). One of 

them is the mainly Amazonian (Chapter 1.2.2) P. obliterata (Kraus, 1960) which was 

previously referred to as Muyudesmus obliteratus Kraus, 1960 (Kraus 1960; Shelley et 

al. 2000). 

 

1.2.1.2 Basic Anatomy 

The millipede body consists of three main parts, namely the head, the trunk and the 

telson. The head is roundish

‘gnathoch

14 
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metazonites (like a telescope), while the dorsally lying tergites are always longer than 

the abdominal sternites, thus enabling the rolling of the body into a spiral or sphere 

opkin & Read 1992).  (H

 

 
Figure 3a. External morphology of millipedes: Head and anterior body segments (I-VII) of a male 
Cylindroiulus waldeni from Madeira. Scale bar = 0.1 mm. Original drawing by H. Read (Source: Hopkin 
& Read 1992).  
 

The telson consists of a pre-anal ring (often with a dorsal projection, or epiproct), a pair 

of anal plates that form the anal valves (paraprocts), and a subanal scale (hypoproct) 

(Fig. 3b). Between the telson and the posteriormost leg-bearing segment there are one or 

more apodous rings, followed by the proliferation zone, where new segments are 

initiated and develop (Attems 1937; Hopkin & Read 1992). 

The animals are dioecious, with the genital opening situated in the third segment. The 

males lack one or both pairs of legs on the seventh segment, which are modified into 

fragile ‘gonopods’ (copulatory legs) often concealed inside protective pockets in the 

men of this body segment. These structures form the apparatus by which sperm is 

thus representing spermatopositors (Attems 1937; Hopkin & 

lu

introduced into the female, 

Read 1992).  
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Figure 3b. External morphology of millipedes: Posterior end of a male Cylindroiulus waldeni from 
Madeira. The pre-anal ring is also known as the telson. Scale bar = 0.1 mm. Original drawing by H. Read 
(Source: Hopkin & Read 1992).  
 

1.2.1.3 Characterisation 

 shaped, see 

ents in adults (Fig. 4). 

 2000). This is also 

P. obliterata is a small, rather pallid to brown-pinkish pyrgodesmid (band

above) with a body length of 5 to 7 mm and 20 body segm

Parthenogenetic females tend to be larger than sexual ones. The width of adults ranges 

from 0.63 to 0.70 mm in males and from 0.67 to 0.77 mm in females. The head is 

roughly granulated all over the vertex and eyes are absent. The collum (head plate) is 

flabellate, covering most of the head from above but not in lateral view; it shows ten 

deeply incised, somewhat upright lobulations at the front edge. The gonopods are 

relatively simple regardless of population (Kraus 1960; Adis et al. 2001; Golovatch & 

Sierwald 2001). A detailed taxonomic diagnosis of the species can be found in 

Golovatch & Sierwald (2001). 

 

1.2.1.4 Development 

Only few millipedes perform brood care (Hoffman 1982). Their eggs are often 

deposited inside egg chambers for physical protection, mainly constructed by the female 

using its own excrements and saliva (Kaestner 1993; Voigtländer
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observed in P. obliterata (Fig. 5a-b). Juveniles hatch with few, mostly seven, segments 

and generally three leg pairs in the first developmental stage (Attems 1937). In             

P. obliterata, such hatchlings emerge 8 to13 days following oviposition (Fig. 5c) and 

leave the egg chamber by perforating its lateral wall (Adis et al. 2001).  

 

 
Figure 4. The Neotropical millipede Poratia obliterata (Kraus, 1960) (Diplopoda, Pyrgodesmidae): adult 

male (size: 7 mm) building the basement of an egg chamber (Picture: N.G.R. Bergholz). 

illipede hatchlings acquire more segments as well as legs during their postembryonic 

rowth, a process known as anamorphosis. The original mode of development in 

iplopoda is hemianamorphosis, i.e. ecdysis (moult) without segment multiplication 

ghoff et al. 1993).       

t yet recorded among millipedes, 

mall tropical species is still poorly known. In general, 

r two years to mature, whereas the length of development can be 

correlated with the type of biotope/habitat (Hopkin & Read 1992). 

fe
 

M

g

D

follows a certain number of stages with segment increase. However, P. obliterata 

develops according to a secondarily derived mode, named teleanamorphosis, where both 

segment number increase and ecdysis cease with maturation (En

P. obliterata comprises eight developmental stages, the final, adult one with 20 

segments. Cultured specimens of populations originating from Tabatinga and Manaus, 

Brazil as well as from Nauta, Peru, needed 74, 68, and 63 days on average, respectively, 

to reach maturity (Adis et al. 2001). According to Adis et al. (2001), this postembryonic 

development of 2 to 3 months of duration is the shortes

but then, the biology of s

millipedes take one o
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Figures 5a-c.: Poratia obliterata. a – female (7 mm body length) with almost completed egg chamber 
(approx. 2 mm in diameter) with funnel-shaped ventilation tube (chimney) on top; b – eggs (approx. 0.3 
mm in diameter) deposited within the chamber; c – newly hatched immatures (first developmental stage; 
approx. 1 mm body length) within the egg chamber (Pictures: N.G.R. Bergholz). 
 

Millipedes are long-lived animals in comparison to most other terrestrial arthropods 

(Hopkin & Read 1992). However, for P. obliterata, the life-history is shorter th

 a c 

b 

an a year 

ppear to be less important (Kaestner 1993; Kime & 

(Hoffman et al. 2002). Longevity of reared non-parthenogenetic females of P. obliterata 

from Manaus, Brazil and Nauta, Peru was up to 10 months only when kept without 

males, i.e. without laying eggs (Adis et al. 2001). 

 
1.2.1.5 Ecology 

Millipedes occur on all continents except Antarctica (Hoffman et al. 2002). Some 

species, due to their advantageous mode of life/life-form, show vast distributions, but 

most others are locally distributed (Kime & Golovatch 2000). The preferred biotopes of 

millipedes are forests, where they dwell under fallen leaves and bark or stones on the 

surface of the soil, or below the surface among soil particles. There are also several tree 

climbing species. In habitat choice, humidity and temperate seem to be decisive factors, 

whereas food and soil features a

Golovatch 2000).  
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The ‘doubling up’ of leg pairs, resulting in a larger number of legs for a relatively 

shorter body, enables millipedes to exert a considerable forward thrust. This, together 

with the calcified head capsule and leverage provided by the labrum, allows them to 

force their way between fibers of rotting wood and closely packed soil particles. By that 

manner, they can enter microhabitats that may be unavailable to other terrestrial 

invertebrates (Hopkin & Read 1992). There are five main ecomorphological types of 

millipedes, namely bulldozers or rammers, borers, rollers, bark dwellers and wedge 

 more tolerant to inundation than individuals originating populations from non-

types. The last group is typified by the polydesmids such as P. obliterata. These 

millipedes have relatively short bodies and short legs. Each postcollar segment is 

expanded laterally into paranota, or keels, these being directed ventrolaterally as 

characteristic of Pyrgodesmidae. The anterior body end is tapered so that the animal can 

put its head into a crevice. The legs then push upwards by straightening, causing the 

crevice to widen. This allows further penetration of the anterior body end. This type of 

burrowing is useful for a life among decaying leaves (Hopkin & Read 1992).  

The cuticle of most millipede species is permeable to water and restricts their biotopes 

to areas where humidity is high (Edney 1977). The opposite effect, i.e. the absorption of 

too much water through the cuticle, may be a problem in environments subjected to 

flooding (Hopkin & Read 1992). Indeed, P. obliterata specimens from populations 

living in seasonally flooded forests in Brazil are not capable of enduring permanent 

flooding and have to retreat to the non-inundated trunk region (Adis 1986). However, 

they are

flooded forests, since their maximum survival time underwater represented 68 hours, as 

opposed to only 24 hours for specimens from upland population (Wilck 2000). Very 

few wetland millipede species are able to survive submersion for several months, with 

resistance mostly being restricted to juvenile and subadult stages (Adis 1986; Adis & 

Messner 1997; Adis et al. 1998). 

While their mostly cryptic mode of life and their largely solid, calcified tegument 

appear to provide an efficient protection against enemies, millipedes tend to roll into a 

spiral or sphere in situations of stress or danger, thereby hiding their legs inside. At the 

same time, when irritated, they secret toxic or repelling liquids (carboxyl acids, benzyl 

acids or hydrocyanic acids) from their paired defensive glands. Millipede poison can be 

dangerous, especially the cyanide-containing one of polydesmids (Schubart 1955; 

Hoffman et al. 2002). Nevertheless, millipedes have a lot of enemies, such as ants, toads 
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and birds of prey (Schubart 1955). In addition, they often suffer from parasites, e.g. 

nematodes and mites (Kaestner 1993). 

Being slow, heliophobous (light-avoiding) and moisture requiring detrivores, the vast 

majority of millipedes nourish from decaying substances of plant and animal origin 

(Hopkin & Read 1992). Only few millipedes feed on living plants, usually on the soft 

and easily digestible parts (e.g. Bailey & Mendonca 1990). Other species nourish 

exclusively on the algae growing on the bark of trees (Mahsberg 1996). The particular 

iet of a millipede can alter during development, with juveniles feeding on specific 

 adults living on detritus (Adis 1992a; Adis & Victoria 

position of dead plant remains is to stimulate 

icrobial activity (Price 1988). The fragments of a leaf that are voided in their faeces 

 source of calcium, was observed in an African species which 

d

plant roots as well as fungi and

2001). Some millipedes show a clear preference for leaf litter derived from particular 

tree species (Kheirallah 1978). Furthermore, Kheirallah (1979) found that each leaf had 

to attain a certain age before it became palatable to the animals. These preferences are 

possibly related to the level of defensive chemicals and the concentration of nitrogen, 

carbohydrates, calcium and moisture in leaves. Also important is the state of decay, 

since bacteria and fungi may increase the availability of nutrients (Hopkin & Read 

1992).  

Since almost all millipedes are primary decomposers of leaf litter, decaying wood and 

duff, they bear an ecological importance, particularly in the tropics and subtropics 

(Golovatch et al. 1995; Westheide & Rieger 1996). The main role of detritivorous 

invertebrates in enhancing the decom

m

have a greater surface area available for colonisation of bacteria and fungi than the 

original leaf material (Sakwa 1974; Hopkin & Read 1992). There are a few biotopes in 

which millipedes are responsible for ingesting more than 5 to 10 % of the annual leaf 

litter fall., where earthworms or termites, which are usually the dominant detritivores, 

are scarce, millipedes may occur at densities of several hundreds per square meter and 

consume 25 % of the annual litter fall (Blower 1970b; Van der Drift 1975; Bocock 

1983; Mahsberg 1997). Furthermore, the need of millipedes in calcium accumulation 

(the only other soil arthropods to have a calcified exoskeleton are the isopods) means 

that they are an important component in the cycling of this essential element in 

terrestrial ecosystems (Seastedt & Tate 1981; Cromack et al. 1977). A preference for 

dead wood, the richest

represented the dominant fragmenter at suitable sites and thus may process nutrient 

input into the local forest soil (Mahsberg 1997). The same could apply to some 
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polydesmidan millipedes resident in Central Amazonian forests, which were shown to 

strongly accumulate calcium from ingested wood (Vohland et al. 2003). 

 

1.2.1.6 Dispersal Ability 

Due to their limited natural dispersal capacities, a large number of endemic species has 

evolved in many areas of very restricted ranges. On the one hand, several of these 

species are particularly vulnerable to small scale environmental changes and hence may 

Amazonian 

      

be threatened by human activities. On the other hand, the reduced vagility of millipedes 

has also led to their accidental dispersion in timber, plant material and soil by man, 

fundamentally altering the distribution pattern of many species. The frequency with 

which tropical species turn up and thrive in heated glasshouses in temperate countries is 

testimony to this fact (Hopkin & Read 1992). P. obliterata also represents a typical 

example (Chapter 1.2.2) for such a kind of introduction (Golovatch et al. 2001). Several 

carried-over species are also agricultural pests, damaging various crops on fields and 

plantations (Hoffman et al. 2002). 

 

1.2.2 Origin and Range of P. obliterata Populations 

The study animal Poratia obliterata (Kraus, 1960), a small Neotropical millipede 

probably originating from the Andes, is both widespread and abundant in the 

Amazonian region of Peru, Brazil and Colombia and it also occurs in Central America, 

i.e. Costa Rica and Panama (Golovatch & Sierwald 2001). This trans-

millipede was first recorded from Muyu Island in the Amazon River near Iquitos, Peru 

(Fig. 1), where it appeared to be the most common and frequent species compared to the 

co-occurring P. insularis (Kraus 1960). In the environs of Manaus, Brazil (Fig. 2),  

P. obliterata is likewise much more common than the latter sympatric congener 

(Bergholz et al. 2005). 

The Solimões/Amazon River is known as a classical, unidirectional dispersal agent for 

the terrestrial arthropods inhabiting the adjacent, periodically flooded banks (Junk et al. 

1989). Given that resident millipedes mainly survive flooding by climbing tree trunks to 

escape the rising waters, they may be transported downstream on floating vegetation, in 

particular tree trunks (Adis 1997; Vohland & Adis 1999). Such a passive pathway of 

dispersal could account for the occurrence of P. obliterata from Nauta (at the Marañon 

River to the west of Iquitos), Peru, down to Belém, Brazil at the mouth of the Amazon 
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River (Fig. 1), from where it could have been transported to Central America as well as 

Europe by trade channels. 

Moreover, the widespread millipede is known from a remarkably wide range of 

biotopes, such as white-, mixed- and blackwater inundation forests, primary and 

secondary upland forests (in these upland forests, the species is apparently rare and 

never abundant, Golovatch, pers. commun.) and plantations in the environs of Manaus, 

Brazil (Adis et al. 2001). In other words, it inhabits biotopes with quite different 

ecological conditions. Due to its evident capacity to cope with seasonally flooded 

environments, P. obliterata is able to colonise both non-flooded and temporarily 

inundated areas, sometimes even in high abundances. The frequently occurring changes 

of meandering rivers in Peruvian Amazonia (Salo et al. 1986) may have forced former 

pland populations of P. obliterata to endure the transformation of the biotope into 

e. The same has been 

P. obliterata withstanding the rather harsh 

2001) and Paris, France (Adis & Golovatch 

cterial agents other than Wolbachia (Adis et al. 2001; 

Witzel et al. 2003). Parthenogenesis features some reproductive advantages. Fewer 

u

floodplain forests and vice versa within a relatively short tim

postulated for other resident polydesmidan millipedes, namely Pycnotropis tida 

(Aphelidesmidae) (Bachmann et al. 1998; Vohland & Adis 1999). During a subsequent 

downstream colonisation of the Solimões/Amazon River, ecological adaptation and 

diversification processes in the respective populations may have proceeded. 

Resistant thelytokous populations of 

conditions in some European hothouses are also evidence for the species’ ability to get 

adapted to new environments. P. obliterata is only represented by bisexual populations 

throughout Amazonia, i.e. from Nauta, Peru, down to Belém, Brazil, as well as in Costa 

Rica and possibly Panama (Shelley & Golovatch 2001). Yet, the species comprises a 

parthenogenetic form since its introduction to Europe, i.e. in hothouses at the botanical 

gardens of Kiel, Germany (Adis et al. 

unpubl.), where it appears to coexist with the likewise thelytokous P. digitata 

(Golovatch & Sierwald 2001). Hence, P. obliterata displays a classical example of 

geographical parthenogenesis (cf. Enghoff 1994), with bisexual populations occurring 

in the area of origin and a thelytokous form in extreme, peripheral regions, i.e. European 

hothouses and probably open habitats in the southern USA (Adis et al. 2001; Golovatch 

& Sierwald 2001; Shelley 2004). Historically, these introductions are likely to have 

occurred with shipped plant material taken. The subsequent gradual cooling en route 

might have induced adaptive thelytoky in some surviving females, probably through 

activation of some special ba
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founder females are required for colonisation since all individuals are capable of 

producing numerous offspring, i.e. direct transmission of a successful genotype to 

progeny without any costs of mating is possible (Enghoff 1978; Norton et al. 1993). 

Disadvantages of genetically identical clones, however, are the susceptibility to 

parasites and diseases as well as, at least in P. obliterata, sharply prolonged ontogeny 

(Adis et al. 2001).  

 

1.2.3 Biotope-Related Adaptation and Speciation? 

According to Schwerdtfeger (1963), ‘habitat’ refers to the specific place or environment 

where a plant or animal naturally lives and grows, e.g. the litter in a forest, while 

‘biotope’ is related to a region uniform in environmental conditions and in its 

populations of animals and plants (= ‘biocenosis’) for which it is the area of settlement, 

e.g. a tropical upland forest. 

Traits that enable the survival in a given biotope, i.e. enhance the local fitness of an 

organism, are referred to as ‘adaptations’ (Schäfer 1992; Reeve & Sherman 1993; Rose 

2001). They result from selection that either occurred under similar environmental 

conditions to meet the current purpose or took place on other terms and/or for different 

purposes (Reeve & Sherman 1993; Rose 2001). The latter is often named 

‘preadaptation’ (Schäfer 1992).  

Specific adaptations, i.e. survival strategies (Chapter 1.3), in terrestrial invertebrates are 

required for their occurrence in periodically inundated biotopes. Ecological 

investigations in the study area revealed that several arthropods of upland forests, such 

as the polydesmidan millipede Pycnotropis tida, must have undertaken secondary 

immigrations to inundation forests (Adis et al. 1988; Adis 1997; Adis et al. 1997; Adis 

& Messner 1997; Bachmann et al. 1998). A prerequisite for this colonisation, they have 

adapted to the regularly flooded biotopes, for instance by means of univoltine life cycles 

(Chapter 1.3), a process in several cases accompanied by speciation. The same might 

well apply to P. obliterata. 

According to the ‘biological species concept’, the event when one population of 

interbreeding organisms splits into two reproductively isolated groups of organisms is 

called ‘speciation’ (Mayr 1963; Sokal & Crovello 1970; Ridley 1996). It is still a matter 

of controversy whether new species evolve only from subpopulations that are 

geographically separated (allopatric), or also from subpopulations that are contiguous 

 23



Introduction 

with (parapatric), or overlap (sympatric), with the ancestral population (Mayr 1963; 

Endler 1977; Irwin et al. 2001; Mallet 2001; Doebeli & Dieckmann 2003). Sympatric 

and, usually, parapatric speciation both require reinforcement, i.e. an enhanced 

reproductive isolation by natural selection: forms are selected for mating with their own, 

not another, type if hybrids are disadvantageous (Ridley 1996). As initially proposed by 

Darwin (1859), the ecological species concept implies that selection due to ecological 

patterns provides the basis for such a process (Ridley 1989; Schluter 2001). Here, a 

species occupies an ‘adaptive zone’ (Simpson 1953), and natural selection favours 

ns in contrasting environments (referring to biotic and abiotic elements 

on in some of the resident species (cf. Adis 1997). For instance, 

l, millipedes have long been observed as being inclined for speciation and 

interbreeding with organisms adapted to at least approximately the same niche (Ridley 

1996). Recent investigations of several taxonomic groups undergoing diversification 

suggest that adaptation in the context of a biotope/habitat template may play a central 

role in this process (Schluter 1996). Ecological speciation occurs, when divergent 

selection for traits (morphological, physiological or behavioural) between populations 

or subpopulatio

of the biotope/habitat) leads directly or indirectly to the evolution of reproductive 

isolation (Schluter 2001). Reduced hybrid fitness due to, for example, the intermediate 

phenotype being susceptible to predation or parasitism, or less efficient in search for 

food, reinforces ecological diversification processes (Schluter 2001). Therefore, 

ecological adaptations are deemed capable of producing discrete species. Accordingly, 

the periodical flood pulse in Central Amazonian inundation forests is assumed to effect 

ecological differentiati

the evolutionary centre of Carabidae is believed to be located in the floodplains along 

tropical rivers (Erwin & Adis 1982). Here, the acquisition of annual periodicity in 

response to a seasonal inundation period of six months can be viewed as a basic 

requirement for the later colonisation of temperate zones.  

In genera

local endemism (Verhoeff 1928-1932; Loomis & Schmitt 1971; Golovatch 1997b). 

Some of the reasons for this are low vagility, short life cycles and the dependence of 

most species on a humid microclimate, all of which easily result in isolation (Hopkin & 

Read 1992). Small millipedes cover only minor distances during their life spans and are 

therefore fairly local. Thus, it is due to their limited dispersal capacities that they exhibit 

a great potential for speciation. Particularly in the tropics, where their highest 

biodiversity is to be found, they tend to develop new life-form types and species 

(Hopkin & Read 1992; Enghoff 1994; Golovatch et al. 1995). This is in accordance 
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with the idea that stronger genetic differentiation is generally reported for species with 

reduced dispersal capacities, as revealed by a meta-analysis of different taxa (Bohonak 

1999). 

With regard to the eurytopic, or euryoecic, distribution of P. obliterata in different 

terrestrial biotopes, one can postulate the existence of different ecological or ‘biotope-

specific races’ (Wolf & Adis 1992), maybe even subspecies. Specimens of the 

esised ecotypes are morphologically indistinguishable (Adis et al. 2001; 

ical aspects 

   

e adaptation and speciation processes in 

hypoth

Golovatch & Sierwald 2001), but are likely to differ in their bionom

(Chapter 1.3).  

Crossing experiments between cultured males and females (both ways) originating from 

whitewater inundation forests at Tabatinga, Brazil and Nauta, Peru (March 1998, leg  

J. Adis and S.I. Golovatch) and from an upland palm tree plantation near Manaus, 

Brazil (October 1998, leg J. Adis) resulted in viable offspring (Adis et al. 2001). Still, 

ecological selection in the field might impair such outcrossing between populations 

from flooded and non-flooded biotopes, and thus may have induced a process of 

ecological speciation. 

However, different life strategies can be either the result of genetic adaptations to 

different environments or the response of populations through phenotypic plasticity to 

different conditions (West-Eberhard 1989). The occurrence in these ecologically diverse 

biotopes can thus also reflect the ecological plasticity of a remarkable euryoecious 

species.  

There have to date been no special studies concerning the life history and behaviour of 

different P. obliterata populations in Central Amazonia, nor have there been any 

analyses of probable ecological differentiation between and/or genetic variability within 

such populations. By testing whether the colonisation of different seasonal inundation 

forests resulted in adaptation or even ecological speciation in the respective populations, 

or if mere ecological plasticity enables the species’ occurrence in various different 

biotope types, a better understanding of th

Central Amazonia can be obtained. Due to vast distribution and occurrence in a wide 

range of biotopes, the eurytopic millipede P. obliterata is particularly qualified as such 

a model organism. This is especially true because this millipede is one of 11 local 

millipede species (total millipede fauna ≥ 110) occurring in both floodplain and non-

inundated areas (Adis & Junk 2002; Hoffman et al. 2002). Thus, it is of primary interest 
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to clarify the ecological adaptations and the genetic/systematic rank of the postulated 

ecotypes in P. obliterata. 

          

1.3 Survival Strategies in Central Amazonian Floodplains 
The climatic and biotic conditions at any geographic location change through time, 

ibutaries (Chapter 1.1.3). Due to this 

    

because of climatic trends driven by fluctuations in the earth’s orbit (Hays et al. 1976). 

Environmental variation is often an important aspect in the ecology of organisms, with 

most populations experiencing at least seasonal changes (Fretwell 1972).  

Whereas elsewhere in the tropics seasonality is mostly confined to rainy and dry 

seasons, the Central Amazonian region is mainly influenced by the annual water level 

alterations of the Amazon River and its tr

‘monomodal’ flood pulse, which accounts for water level alterations of on average 

9.8 m, vast forest areas along the river banks are seasonally inundated for several 

months a year. Hence, seasonal Amazonian inundation forests exhibit an aquatic phase 

with the forests floor being submerged and a terrestrial phase when the water level is 

low (Adis 1992b, 1997). This local change from terrestrial to aquatic phases is 

considered to have occurred for a period of at least two million years (Irion et al. 1997). 

In the affected areas, i.e. the zone between the exclusively aquatic and terrestrial 

biotopes, the periodic flood pulse is the main factor controlling the ecosystem (Junk et 

al. 1989; Adis 1992b). As a result of disturbance, the species diversity in terrestrial 

invertebrates is poorer in the riverine lowland compared to local upland areas (Adis & 

Junk 2002). The pronounced periodicity and, consequently, predictability of this natural 

phenomenon, however, enabled long-term acclimatisation of the resident fauna and 

flora (Junk et al. 1989).  

Stressful environments bring about distinct adaptive patterns, at both the molecular and 

organismal levels, more sharply and more clearly than in non-stressful ecologies (Nevo 

1990). To avoid extinction, a species living in a moving/changing habitat must either 

track its old habitat spatially or get locally adapted to the new environmental conditions. 

These dual processes of migration and evolution also determine the biogeographic 

pattern of species (Brown & Gibson 1983). The presence or absence of local adaptation 

can often be related to the species’ vagility (Gandon et al. 1996). Migration is 

maladaptive when the environment is variable in space (Balkau & Feldman 1973; Holt 
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1985), but, when the environment is variable in time, this is not necessarily the case 

(Gandon et al. 1996). 

Adaptations of organisms to diverse adverse ambiental conditions (i.e. stress factors) 

that increase their survive capacities are referred to as survival strategies, including, 

amongst others, avoidance, dormancy and migration (Tischler 1984; Schäfer 1992). The 

strategies are genetically determined behavioural patterns and thus do not imply a 

conscious action by the respective organisms (Southwood 1977; Chapleau et al. 1988; 

Southwood 1988). 

Local adaptations of plants and animals to long-term inundations have been investigated 

for several decades cooperatively between the National Institute for Amazonian 

Research (INPA) at Manaus/Brazil and the Tropical Ecology Group at the Max-Planck 

Institute for Limnology in Plön/Germany. The developed survival strategies in the 

Central Amazonian floodplains include phenological (life cycle), physiological, 

ethological and sporadically also morphological adaptations (Adis 1992b; Adis & Junk 

2002). Furthermore, the resident terrestrial arthropods are divided into so-called 

‘migrants’ and ‘non-migrants’. The former seek refuge prior to the rising waters by 

seasonal migrations, i.e. predominantly by vertical ascents to the non-inundated trunk or 

canopy of trees, as well as by horizontal migrations to adjacent uplands (Adis 1997). In 

the latter case, several invertebrates stay near the water line and move according to the 

 

lasticity in millipedes (Hoffman et al. 2002). Most of the millipedes populating 

ascending or descending flood (Irmler 1979). The non-migrants, on the other hand, have 

acquired adaptations to endure the aquatic phase submersed (Irmler & Furch 1979; 

Scheller & Adis 1984; Adis 1992b), but long-term resistance to inundation is found in 

few species only (Adis 1981, 1986). As revealed by ecological studies, several 

terrestrial arthropod species that are plurivoltine in the non-flooded upland forests have 

secondarily immigrated to inundation forests and evolved a univoltine life cycle, i.e. 

they have only one generation per year (Adis et al. 1988; Adis 1997; Adis et al. 1997; 

Vohland & Adis 1999). This is due to the fact that the life cycle has to be timed with the 

seasonal pattern predetermined by the flood pulse. This pattern being an annual one, 

most species studied within the area are univoltine, i.e. they suspend reproduction 

during the aquatic phase and exclusively reproduce in the terrestrial phase.  

The survival probability of terrestrial invertebrates in the floodplain areas depends on 

their ‘ecological valence’, i.e. on the diversity of their survival strategies (Adis 1997). 

The local life strategies may serve as an example for the relatively high ecological

p
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inundation forests are terricolous and undertake temporary migrations up tree trunks to 

ass the aquatic phase (Adis 1992b; Adis et al. 1996a; Golovatch & Adis 1998). 

ollowing the retreating waters, such millipedes return to the ground for their 

production that results in advanced developmental stages before the onset of the next 

rarely visit the ground. The 

instance, migrates to the lower trunk 

region only during strong insolation in the canopy region (Adis 1992b). In contrast, the 

P. obliterata escape seasonal flooding by 

igrations to tree trunks (Adis 1986) o far, adult and subadult individuals but 

the aquatic phase (Adis, pers. commun.). 

p

F

re

inundation event. Other species, however, are arboreal and 

tree-dwelling millipede Epinannolene exilio, for 

only known semi-aquatic millipede from Amazonia, Myrmecodesmus adisi, can remain 

active as subadult instars underwater during the entire inundation period, being capable 

to resist submersion up to eleven months in the laboratory due to plastron structures 

(Adis 1986, 1992b; Messner & Adis 1988; Adis & Messner 1997). The mechanisms of 

adaptation and the survival strategies in Diplopoda are the more so intricate that each 

inundation forest type (Chapters 3.1.1.1-3) appears to support its own, often endemic, 

faunule, with only a few species sharing white-, black- and mixedwater floodplains, one 

of them being the eurytopic P. obliterata (Hoffman et al. 2002). 

Like most other terrestrial invertebrates, 

vertical m . S

no juveniles have been found on stems during 

The phenology of P. obliterata appears to resemble that of Pycnotropis tida, another 

resident polydesmidan millipede which passes inundation in the adult stage, aggregating 

above the water line (Vohland & Adis 1999). Decisive for survival during the aquatic 

phase appears to be the comparative dryness, since animals in the trunk region are 

exposed to high solar radiation and a relative humidity below 50 %. Juveniles are even 

more sensitive to these extreme environmental conditions than adults, i.e. to both 

submersion and desiccation (Vohland & Adis 1999). Given the vulnerability and, 

therefore, probably a low survival rate of immature stages, the lack of reproduction 

during this critical period might represent a reasonable local adaptation. However, 

survival of juvenile polydesmids in the trunk or canopy region is possible, as shown for 

the terricolous migrant Cutervodesmus adisi (Furhmannodesmidae) (Adis et al. 1996a). 
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1.4 Molecular Markers in Population Genetics 
.4.1 Definition of Molecular Markers 
olecular markers are small sections of the genome which represent single 

or encoding sequences. These rather 

e-wide variation in organisms. 

ikely to breed with each other than with individuals from other 

 

1

M

polymorphic loci consisting of either non-encoding 

short DNA sequences are used as indicators of the genom

Allozymes, the allelic variants of a single enzyme locus, were the first molecular 

markers to be applied widely in ecology. The level of variability at any individual 

marker locus ranges from one to tens or even hundreds of alternative alleles over a 

species’ range. In population genetics, markers with a moderate level of polymorphism 

are most adequate because this generates larger sample sizes of each allele for statistical 

treatments (Beebee & Rowe 2004). 

 

1.4.2 Subject of Population Genetics 
Natural populations vary enormously in size, structure and dynamics. The size of 

populations can differ considerably, ranging from a dozen up to millions of specimens. 

Some populations are internally differentiated into clusters of individuals, i.e. 

subpopulations, more l

subpopulations (Beebee & Rowe 2004). In ‘metapopulations’, which consist of 

multiple, geographically separated ‘demes’, the subpopulations are characterised by 

periodic local extinction and recolonisation (Hanski 1998). The degree to which a 

population is differentiated into demes depends on the connectivity between the 

respective biotope patches. At the scale of a species’ total range, some extent of 

population subdivision is almost inevitable due to isolating geographical barriers. 

Furthermore, populations are also dynamic, i.e. changing in size and distribution over 

time. All of these properties may have genetic implications such as the genetic diversity 

within, or genetic differentiation between, populations. Consequently, by assessing 

these genetic effects, population genetics in turn addresses important aspects of 

population structure such as recent and historical population subdivision, dispersal, and 

size (Beebee & Rowe 2004). 
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1.4.3 Application of Molecular Markers 
1.4.3.1 Classification and Speciation 
Morphological characters are frequently used to identify individual species. However, 

given that several authors have discussed the plasticity of morphological traits (West-

Eberhard 2003; DeWitt & Scheiner 2004); these features are an ambiguous criterion for 

the discrimination of subspecies or species. One of the main problems in species 

identification are ‘cryptic’ species complexes, i.e. biologically discrete species that are 

so similar in their morphology that their species distinctiveness is not recognised 

(Curčić et al. 1994). This dilemma is of particular importance for inconspicuous 

invertebrates (Wolf & Adis 1992). The failure to recognise such cryptic species, 

however, will invalidate any work on ecology, physiology and behaviour that is done on 

the assumption that only one species is involved (Ayala et al. 1975). Therefore, 

morphological characteristics alone are unsuitable for identifying ecological races, 

subspecies or species. 

It has been assumed that body protein electrophoresis can be used to differentiate the 

taxonomic and evolutionary interrelations in both congeneric and other, more distant 

taxa (Curčić et al. 1994). The biological species concept (Mayr & Ashlock 1991) 

defines species as genetic units of naturally breeding populations which are 

reproductively isolated from other such groups. In this context, allozyme data provide a 

very powerful tool to test whether or not two taxa or forms share a common gene pool 

e species (Hoess & Scholl 1999). The method also enables a 

ntification of interspecific 

rguson 1980). In certain 

and thus belong to the sam

genetic interpretation of ecological data and allows for a qua

and intraspecific relationships to be made (Avise 1974; Fe

cases, such as sibling species, where morphological differentiation between species is 

almost impossible to trace, allozyme data can be used as convenient taxonomic 

characters, e.g. in Daphnia spec. (Wolf & Mort 1986). Another benefit of the technique 

is that it can be applied to any arthropod stage regardless of the morphological condition 

as long as the soluble proteins do not become denaturated. As a result, the use of 

biochemical genetic criteria in taxonomy has a long history (Wright 1974). 

Indeed, this method has allowed clarifying taxonomic relationships in numerous insects 

(Ayala & Powell 1972; Fanciulli et al. 2000; Audisio et al. 2002), some arachnids 

(Vachon et al. 1972; May et al. 1977) as well as in the millipede group Glomeridae 

(Hoess & Scholl 1999). Studies of allozyme variation revealed several cryptic host-
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associated species in insects (Nyman 2002; Nyman et al. 2002). In the same way, the 

classification of morphologically analogous Glomeris-taxa, G. hexasticha and   

G. intermedia, as separate species could be verified (Hoess et al. 1997), contrary to 

traditional taxonomy that treated G. intermedia as a subspecies of the former (Hoess & 

Scholl 1999). Species identity of geographically and morphologically separated 

bisexual and parthenogenetic populations of the millipede Polyxenus lagarus has also 

demonstrated using this technique (Duy-Jacquemin & d'Hondt 1998). Such evidence is 

noteworthy since problems with species delimitation are often caused by 

parthenogenesis which is common in most groups of invertebrates (Minelli & Foddai 

1997). Furthermore, cryptic speciation in the Anadenobolus excisus millipede species 

complex, which is endemic to Jamaica and lacks discrete morphological differentiation, 

could only be revealed by molecular markers (Bond & Sierwald 2002). These sibling 

species have undergone speciation in the absence of the conspicuous divergence of male 

genitalia (Bond & Beamer 2003), a diagnostic character commonly used for species 

discrimination in millipedes (Minelli & Foddai 1997) (Chapter 1.2.1.1).  

To summarise, molecular markers such as allozymes are qualified to study ecological 

speciation processes in the millipede P. obliterata. 

 

1.4.3.2 Adaptive Divergence among Populations 
Apart from estimating the genetic diversity of populations, polymorphic allozymes can 

be used to assess the population structure and the extent of migration between 

populations (Beebee & Rowe 2004). Recently, enzyme electrophoresis has been 

frequently been used to inve

           

stigate the population genetics of small terrestrial 

e us studies on populations of individual species have been able to 

eneity of genotype distribution, also for millipedes (Hoess & 

Even an association between allozyme frequencies and metal tolerance has 

invertebrates. Num ro

reveal spatial heterog

Scholl 2001). Allozyme data indicated the existence of three genetic provinces within 

the monomorphic cave millipede Stygiochiropus communis (Humphreys & Shear 1993), 

well in agreement with the geographical structure of the region (Humphreys & Adams 

2001). Beyond these observations, some authors discovered correlations of allele 

frequencies with geographical or climatic clines, as described for populations of the 

millipede Tetrarthrosoma syriacum (Pavlíček & Nevo 1996). Such clines coincided 

with gradients of humidity or temperature in single cases (Mitton & Koehn 1975; Nevo 

et al. 1981). 
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been observed for populations of a soil-dwelling insect (Frati et al. 1992) and ixodid 

ticks (Dubinina et al. 2004). Moreover, the genotype distribution of another terrestrial 

invertebrate has been shown to be correlated with dry and seasonally flooded forests in 

Central Amazonia (Wolf & Adis 1992). Therefore, distinct abiotic factors, such as 

periodic flooding, may be responsible for selective effects on the genotypic constitution 

of populations (cf. Anlauf & Neumann 1997). Whereas allozyme variability is expected 

to be sufficiently neutral and to evolve chiefly by genetic drift (Wang & Schreiber 1999; 

Hartl 1988; Kimura 1983), there are numerous examples, however, showing allozyme 

loci being under selection (Beebee & Rowe 2004), thereby reinforcing adaptive theories 

of molecular evolution (Gillespie 1978). A study of literature records across 400 to 

1,111 species, representing diverse taxa from several phyla, reveals that protein 

diversity is generally positively correlated with broader geographic, climatic and 

biotope spectra (Nevo 1990, 2001). Allozyme diversity proves to be non-randomly 

 using starch gel as the supporting medium separates 

eebee & Rowe 2004). 

gradient towards the anode or cathode until they reach a position, where their 

distributed in nature, ecologically predictable, and largely processed, maintained, and 

oriented by natural selection. Therefore, genetic differentiation observed at apparently 

neutral markers can be used as indicator of adaptive divergence among populations 

(Morgan et al. 2001). This raises the question whether correlations exist between 

different biotope properties and the genetic constitution of natural populations of the 

eurytopic species P. obliterata.  

 

1.4.4 Technique 
Since 1955, protein electrophoresis

protein variants according to their mobility in an electric field (B

Due to their varying charges and masses, different proteins are divided into single 

fractions (Westermeier 2001). The examination of polymorphic enzyme loci (Hubby & 

Lewontin 1966) proved to be an appropriate tool in assessing the genetic differentiation 

between populations (Anlauf & Neumann 1997). The respective allelic variants of a 

single enzyme locus that differ in their electrophoretic mobility became known as 

allozymes.  

Over the subsequent decades, hundreds of studies have used allozyme assays to address 

ecological and evolutionary questions (May 1992). The current method of choice in 

electrophoretic separation of enzymes is isoelectric focusing (IEF). The proteins move 

in a pH 
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net charges are zero. This pH value is the ‘isoelectric point’ (pI) of the substance. The 

focusing effect yields sharp protein zones and a high resolution. Analytical focussing is 

carried out in either polyacrylamide or agarose gels. The benefits of agarose gels are 

faster separation and substantially larger pores, the gels components are not toxic and 

do not contain catalysts which could interfere with the separation (Westermeier 2001). 

During preliminary tests, agarose gels proved to be suitable for the analysis of allozyme 

ariation in P. obliterata (pers. obs.). Allozyme electrophoresis has certain limitations 

for it underestimates protein variability and reveals presumably no more than 25 to      

30 % of the ‘true’ level of amino acid substitution (Nei 1987).  

Recently, new methods for population genetics based on polymerase chain reaction 

(PCR) have been introduced. In the PCR, small amounts of DNA are copied 

exponentially to generate large quantities, thereby allowing analyses based on tiny 

tissue fragments. Although these new techniques have the advantage of higher resolving 

power over allozymes, they also have disadvantages, i.e. dominance in AFLP markers 

(Vos et al. 1995), costs of developing  and experience need in microsatellite library 

construction (Tautz 1989), and the current unresolved analytical problems in SNPs, 

being a new technique (Morin et al. 2004).  

 

1.4.5 Appraisal: Choice of an Appropriate Marker 
With allozymes and microsatellites being codominant markers, they are both suitable 

tools for investigating the genetic properties of populations (Beebee & Rowe 2004). In 

many cases, DNA markers revealed geographical structuring that was not paralleled by 

the variation at allozyme loci (e.g. Schaschl et al. 2003). The opposite has also been 

observed, because highly diverse loci such as microsatellites tend to underestimate 

between-population variance (Hedrick 1999). In a study of the Central Amazonian 

millipede Pycnotropic tida, populations from both flooded and non-flooded forest areas 

were genetically differentiated according to allozyme data, whereas microsatellites 

failed to discriminate the respective populations (Bachmann et al. 1998; Golovatch et al. 

1998).  

Considering the available resources and infrastructure at Manaus, AM, Brazil, enzyme 

electrophoresis was the most effective means to perform genetic analyses of single 

millipedes in the laboratory. Hence, intraspecific polymorphism in different populations 

of P. obliterata was recorded by isoelectric focussing of appropriate, scorable enzyme 

v
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systems, namely PGI, PGM, ME, GOT, PK and ACP (Table 18), that were chosen in 

preliminary tests using agarose gels as the supporting medium (Chapter 1.4.4).  
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2 THESIS OUTLINE 

This thesis is divided into two chapters, considering comparative ecological as well as 

genetic aspects of different populations in the pyrgodesmidan millipede Poratia 

obliterata (Kraus, 1960). Both sections complement each other in a comprehensive 

xamination of the adaptation processes in Central Amazonian populations of this 

Due to periodical high waters of the Amazon River, the adjacent forests are inundated 

ere 

omplemented with explorative experiments concerning migration and reproduction.  

To reveal ecological, biotope-specific characteristics in the populations, I examined the 

morphology and monitored seasonal migration, microhabitat preference, gregarious 

behaviour, interaction with other millipede species and phenology during the aquatic 

phases in 2002 and 2003. In addition, I measured relevant abiotic factors in the field 

such as the duration of flood periods and the humidity in microhabitats. Observations 

showed that animals in inundation forests escape flooding by a vertical migration to tree 

trunks. To explore the potential for such a migration in response to rising waters, I 

performed flooding experiments with individuals from both non-flooded and seasonally 

inundated areas. Since field studies showed distinct life cycles in the respective 

e

eurytopic species.  

for several months per year, leading to numerous adaptations in the terrestrial 

invertebrates inhabiting them. Their survival strategies in these seasonally flooded 

biotopes can be either based on ecological plasticity or on ecological speciation, i.e. 

‘biotope-specific races’, subspecies or species. To elucidate the underlying process and 

get a better understanding of the adaptation events in this ecosystem, I used the small 

millipede P. obliterata as a model organism for terrestrial invertebrates. In the case of 

ecological differentiation, populations of the hypothesised ecotypes in non-flooded and 

seasonally inundated biotopes are expected to differ not only in terms of life history 

strategy but also in genetic structure. 

This outline gives a short overview of the motivation for the different investigations. 

 

2.1 Part I: Ecological Traits 

In the first chapter, the life history and behaviour of P. obliterata populations from non-

flooded upland and various seasonally flooded biotopes (white-, black- and mixedwater 

inundation forests) in Central Amazonia were compared. Field studies w

c
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populations, I also conducted experiments to detect a possible factor that regulates 

reproduction. The factors considered to affect both fertility and offspring in                  

P. obliterata were habitat substrate, mean air temperature, relative humidity and 

nutrition. All results are discussed in the context of life history strategies that are 

adaptive to the respective biotopes. 

 

2.2 Part II: Genetic Variation 

The second chapter addresses whether the observed adaptive ecological traits involve 

ecological speciation processes. Allozyme data provide an effective tool not only to 

assess cryptic speciation but also adaptive divergence among populations in diverse 

biotopes. Therefore, I employed allozyme diagnostics in order to reveal effects of the 

different biotope types on the genetic constitution of local populations in P. obliterata. 

Since both biotope quality and geographic distance influence the genetic differentiation 

between subpopulations, spatial connectivity and migration were also considered. The 

geographical and ecotype specific patterns of allozyme variation in ten subpopulations 

from Central Amazonia and one subpopulation from Amapá State, eastern Amazonia 

are described. Localities were chosen in relation to four different biotopes, i.e. non-

flooded plantations versus diverse seasonally inundated forests, and the course of the 

Solimões and Negro rivers, both considered potential dispersal pathways. I examined 

genetic diversity and heterozygosity within as well as variability among subpopulations 

of P. obliterata and evaluated the correlation between genetic and geographic distance. 

The extent to which the observed genetic patterns could be explained in terms of 

colonisation hypotheses and local versus general adaptation strategies are discussed. 
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3 ECOLOGICAL TRAITS 
3.1 Material and Methods 
3.1.1 Study Sites 
3.1.1.1 Várzea 
The whitewater or Várzea study site was situated on Marchantaria Island (3°15’ S, 

59°58’ W), the first island in the lower Solimões River (Fig. 2), approximately 15 km 

upstream of the confluence with the Negro River (Klinge et al. 1995). It has been used 

by the INPA/Max-Planck research group since 1980 to investigate the local terrestrial 

invertebrate fauna and their ecology (cf. Junk 1997). The island consists of alluvial 

sediments, predominantly montmorillonite, and is approximately 5,000 years in age. 

The main sampling site, located at the upper Lake Camaleão, is inundated for an 

average of 5.6 ± 1.5 months per year (n = 95 years), with the water leveling to a height 

of approximately 5.5 m (Adis 2002). 

P. obliterata was collected on the northern bank of Lake Camaleão, where 15 trees 

along a transect of 1.85 km were sampled. The beginning and end were marked by 

sample tree 1 and 13 respectively (Fig. 6; Table 1). Only one additional sample tree     

(n° 15) was located at the southern lakeside, with a linear distance of 0.6 km to tree 13. 
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Table 1. Trees sampled for P. obliterata at Marchantaria Island  nu
p o r ed. A

. Identification mber (N°), tree species, 
ositi n and minimum flood period in 2002 and 2003 (Chapte 3.1.3) are list bbreviation: d, days. 

N° Tree species GPS-data  Duration of minimum 
flood period 

01 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°14.49 S 
059°57.12 W 

202 d; (07.03.-24.09.02) 
174 d; (30.03.-19.09.03) 

02 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°14.49 S 
059°57.12 W 

202 d; (07.03.-24.09.02) 
174 d; (30.03.-19.09.03) 

03 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°14.49 S 
059°57.12 W 

198 d; (10.03.-23.09.02) 
171 d; (01.04.-18.09.03) 

04 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°14.53 S 
059°57.15 W 

198 d; (10.03.-23.09.02) 
171 d; (01.04.-18.09.03) 

05 Nectandra amazonum Nees, Lauraceae 03°14.65 S 
059°57.25 W 

198 d; (10.03.-23.09.02) 
171 d; (01.04.-18.09.03) 

06 Nectandra amazonum Nees, Lauraceae 03°14.65 S 
059°57.25 W 

198 d; (10.03.-23.09.02) 
171 d; (01.04.-18.09.03) 

07 Eschweilera ovalifolia [DC.] Nied., Lecythidaceae 
 

198 d; (10.03.-23.09.02) 

08 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 
059°57.31 W 150 d; (15.04.-11.09.03) 

09 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°14.83 S 198 d; (10.03.-23.09.02) 

(other lakeside) 

16 Eschweilera ovalifolia [DC.] Nied., Lecythidaceae 03°14.72 S 
059°57.31 W 

198 d; (10.03.-23.09.02) 
171 d; (01.04.-18.09.03) 

03°14.72 S 
059°57.30 W

03°14.74 S 

171 d; (01.04.-18.09.03) 

174 d; (26.03.-15.09.02) 

059°57.39 W 171 d; (01.04.-18.09.03) 

10 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°14.88 S 
059°57.42 W 

198 d; (10.03.-23.09.02) 
171 d; (01.04.-18.09.03) 

11 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°14.72 S 
059°57.28 W 

198 d; (10.03.-23.09.02) 
171 d; 01.04.-18.09.03 

12 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°14.88 S 
059°57.42 W 

202 d; (07.03.-24.09.02) 
174 d; (30.03.-19.09.03) 

13 Eschweilera ovalifolia [DC.] Nied., Lecythidaceae 03°15.28 S 
059°57.83 W 

202 d; (07.03.-24.09.02) 
174 d; 30.03.-19.09.03 

14 Vitex cymosa Bertero ex Spreng., Verbenaceae 03°15.28 S 
059°57.82 W 

218 d; (22.02.-28.09.02) 
190 d; 18.03.-23.09.03 

15 Vitex cymosa Bertero ex Spreng., Verbenaceae 03°15.16 S 
059°57.52 W 

218 d; (22.02.-28.09.02) 
190 d; (18.03.-23.09.03) 

 

In the local inundation forest (Fig. 7), 47 arboreal species representing 46 genera in 25 

families have been recorded. The most abundant and common species are Crataeva 

benthamii (Capparidaceae), Laetia corymbulosa (Flacourtiaceae) and Vitex cymosa 

(Verbenaceae) as well as Eschweileria sp. (Lecythidaceae), Pterocarpus amazonum 

(Fabaceae), Calophyllum brasiliense (Clusiaceae) and Bactris sp. (Aracaceae), all of 

which are known to be typical floristic elements of the seasonal Várzea (Klinge et al. 
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1995; Worbes 1997). Native trees reach some 28 m in height and carry only few 

epiphytes. The upper canopy of the forest, which is relatively open, is dominated by 

Pseudobombax munguba (Bombaceae), which covers the highest basal area (Klinge et 

al. 1995; Adis 2002).  

 

 
Figure 7. Seasonally flooded whitewater inundation forest (Várzea) at Marchantaria Island (3°15’ S, 
59°58’ W), Amazonia State, Brazil (Picture: N.G.R. Bergholz). 
 

The majority of terrestrial arthropods in this Várzea island forest (Acari and Collembola 

excluded) were found to live in the trunk/canopy region (Adis & Schubart 1984). In the 

canopy, adult Coleoptera (21 %), Formicidae (20 %) and adult Diptera (13 %) 

represented the main fraction of the total number of arthropods obtained by pyrethrum-

fogging after the flood had receded from the forests. The dominance of groups, 

however, varied with the sampled tree species. The trunk fauna was dominated by 

Collembola and Acari, which accounted for over 95 % of the total Arthropoda. During 

the terrestrial phase, i.e. emersion period, numerous animals came down to the forest 

floor for feeding (especially Formicidae) or oviposition (particularly adult Coleoptera 

and Diptera). Araneae (23 % of the total catch) were also numerous. On the forest floor, 

Acari (49 to 58 %) and Collembola (11 to 24 %) dominated in the litter and upper soil 

layer. Excluding these two taxa, Formicidae (32 %) and Diplopoda (22 %, mainly 

Polydesmida) were the most frequent arthropods. Conditions for a rich soil fauna were 
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considered unfavorable due to the very thin litter layer of Várzea forests, which results 

from leaves being either adhered due to annually deposited river sediments or lost 

during inundation by the strong current (Adis 1997).  

ore information concerning the area, its resident flora and inhabiting terrestrial 

ailable in the literature (Irion et al. 1983; Adis 1992b; Klinge et al. 

stant decline (< 5 %) toward a sandy shoreline (Adis et 

al. 1996a). The central part of the study site, which is located in upper Igapó (cf. Adis 

     

M

invertebrates is av

1995; Junk 1997). 

 

3.1.1.2 Igapó 
In the blackwater area, the study site was situated at the lower course of the Tarumã 

Mirím River (3°02’ S, 60°17’ W), a tributary of the Negro River approximately 20 km 

upstream of Manaus (Fig. 2). The site has also frequently been used for studies on 

terrestrial invertebrates by the INPA/Max-Planck research group. The local blackwater 

forest or seasonal Igapó (Fig. 8) is situated on a slope and extends from the non-

inundated upland area (Terra firme), which is covered by secondary forest (cut but 

unburned ‘Capoeira’), with a con

1984), is covered for an average of 3.9 ± 1.5 months per year (n = 95 years) by up to

4 m of floodwater (Adis 2002).  

 
Figure 8. Seasonally flooded blackwater inundation forest (Igapó) at the Tarumã Mirím River (3°02’ S, 
60°17’ W), Amazonia State, Brazil (Picture: N.G.R. Bergholz). 
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Since P. obliterata were less common on this more heterogeneous site, animals were 

not collected along a transect but in areas at four different sublocations (Fig. 9; Table 2). 

The northernmost place com rised solely one sample tree (n° 2), whereas two trees    

(n° 16 and 3, linear distance in-between: 0.04 km) were sampled at the nearest southern 

position in approximately 3 km distance. The close-by third location (in 0.6 km 

distance, marked by tree 13) covered an area of 0.2x0.2 km, including four sample trees 

(n° 4, 11 to 13 and 15). The last site was located 2.8 km further to the southeast (marked 

by tree 14); it amounted to an area of 0.4x0.1 km, comprising five sample trees (n° 5 to 

6, 8 to 10 and 14). 
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 Tarumã Mirím River 

Figure 9. Marginal sample trees at the study site in the blackwater inundation forests at Tarumã Mirím 
iver (3°02’ S, 60°17’ W), a tributary of the Negro River (Picture: Google Earth). Linear distanceR  

between tree 13 and trees 16, 14 and 2, respectively: 0.6 km, 2.8 km and 3.6 km. 
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Table 2. Trees sampled for P. obliterata at Tarumã Mirím Rive  nu
position and minimum flood period in 2002 and 2003 (Chapte e listed. Abbreviation: d, days. 

N° Tree species 
flood period 

r. Identification
r 3.1.3) ar

mber (N°), tree species, 

GPS-data Duration of minimum 

02 Calophyllum brasiliense Camb., Clusiaceae 02°59.35 S 
060°11.58 W 
subsite 1 

195 d; (12.03.-22.09.02) 
169 d; (03.04.-18.09.03) 

03 Macrolobium acaciifolium [Benth.] Benth., Fabaceae  

abaceae  

ta [E. Mey] Sandw., Bignoniaceae 

ta [E. Mey] Sandw., Bignoniaceae 

 

12 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°01.16 S 
060°10.89 W 

183 d; (21.03.-19.09.02)   
157 d; (11.04.-14.09.03) 

 

enth., Fabaceae 03°01.71 S 
060°09.46 W 

134 d; (20.04.-31.08.02) 
112 d; (07.05.-26.08.03) 

03°00.91 S 
060°11.10 W 
subsite 2 

183 d; (21.03.-19.09.02)  
157 d; (11.04.-14.09.03) 

04 Macrolobium acaciifolium [Benth.] Benth., F 03°01.07 S 
060°10.92 W 
subsite 2 

171 d; (28.03.-14.09.02)  
149 d; (16.04.-11.09.03) 

05 Tabebuia barba 03°01.70 S 
060°09.66 W 
subsite 3 

195 d; (12.03.-22.09.02) 
169 d; (03.04.-18.09.03) 

06 Tabebuia barbata [E. Mey] Sandw., Bignoniaceae 03°01.69 S 
060°09.66 W 
subsite 3 

195 d; (12.03.-22.09.02) 
169 d; (03.04.-18.09.03) 

08 Tabebuia barba 03°01.69 S 
060°09.65 W 
subsite 3 

195 d; (12.03.-22.09.02) 
169 d; (03.04.-18.09.03) 

09 Not identified 03°01.67 S 
060°09.53 W 
subsite 3 

142 d; (15.04.-03.09.02) 
119 d; (03.05.-29.08.03) 

10 Aldina latifolia Spruce ex Benth., Fabaceae 03°01.68 S 
060°09.53 W 
subsite 3 

134 d; (20.04.-31.08.02) 
112 d; (07.05.-26.08.03) 

11 Not identified 03°01.10 S 
060°10.89 W 
subsite 2 

183 d; (21.03.-19.09.02)  
157 d; (11.04.-14.09.03) 

subsite 2 

13 Not identified 03°01.17 S 
060°10.90 W 
subsite 2 

183 d; (21.03.-19.09.02)  
157 d; (11.04.-14.09.03) 

14 Aldina latifolia Spruce ex B
dead wood, upright 

subsite 3 

15 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°01.08 S 
060°10.85 W 
subsite 2 

195 d; (12.03.-22.09.02) 
169 d; (03.04.-18.09.03) 

16 Not identified 03°00.89 S 
060°11.09 W 
subsite 2 

134 d; (20.04.-31.08.02) 
112 d; (07.05.-26.08.03) 

 

The soil consists of clay, silt and sand material with alternating fractions and carries an 

organic layer of approximately 5 to 10 cm thickness. Its fine humus is penetrated by a 
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matting of roots rich in terricolous invertebrates (Adis 1977) and supports up to 3 cm of 

leaf litter (Adis et al. 1997).  

The arthropod community in the canopy of Igapó forests resembles that of Várzea 

woodlands (see above): ants (43 %) dominated and, together with adult Diptera (15 %) 

and beetles (5 %), they represented more than half of the total catch obtained by 

pyrethrum fogging (Adis et al. 1984). However, most of these inhabitants were 

represented by different species compared to the canopy guild in the Várzea (Adis 

1997). Furthermore, the respective arthropod density in the Igapó is probably twice as 

high as that found in the Várzea, although still less than half of that given in primary 

ose obtained in the Várzea. However, trunk ascents and descents in the Igapó were 

i ricolous’ animals, which passed the aquatic phase in the 

us (Fig. 2). The region is influenced by 

non-flooded upland areas several km 

way (Adis et al. 1997). The soil consists of clay, predominantly montmorillonite, 

upland forests (Adis et al. 1984). As for the trunk fauna, Collembola dominated but 

their catch numbers were far lower compared to those in the Várzea. The activity 

densities of trunk-dwelling arthropods other than Collembola and Acari were similar to 

th

character sed by ‘migrating ter

arboreal region, i.e. Araneae, Pseudoscorpiones, Diplopoda, Symphyla and Chilopoda. 

In the litter and upper soil layer, Acari and also Collembola again dominated (Adis 

1997). Apart of these two groups, non-flying terricolous migrants were the most 

abundant arthropods. However, in the lower Igapó, where the aquatic phase lasted 

longer than seven months per year on average, these migrants were absent (Adis 1997). 

This seasonal forest has been periodically flooded for at least one million years (Adis 

2002). More information concerning the region, its vegetation and terrestrial 

invertebrates can be found in the literature (Adis 1981, 1984; Worbes 1983; Junk 1997). 

 

3.1.1.3 Várzea & Igapó 
The mixedwater or seasonal Várzea & Igapó study site was situated at the Lake Janauarí 

(3°20’ S, 60°17’ W), located on a strip of land between the Negro and Solimões rivers, 

approximately 10 km distant from Mana

blackwater of the Negro River during low water level and by whitewater of the 

Solimões River during the high water period. It is part of the Ecological Park of 

SELVATUR, Manaus, and a study area of the INPA/Max-Planck research group for 

investigations of the terrestrial invertebrate fauna (Amaral et al. 1997). The site is 

relatively flat and has no direct connection to the 

a
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which represents alluvial deposits of the Solimões River (Adis 2002). The area is 

situated approximately 26.3 m above sea-level (Amaral et al. 1997) and is inundated for 

n average of 3.1 ± 1.6 months per year (n = 95 years), with the water leveling to a a

height of approximately 3 m (Adis 2002).  

P. obliterata was sampled along a transect of 0.7 km (marked by trees 3 and 18), 

delimited by a creek flowing through the mixedwater inundation forest (Fig. 10; Table 

3). The transect encompassed 15 sample trees (n° 1 to 2, 5 to 8, 10 to 12 and 14 to 18). 

In addition, P. obliterata were taken from two sample trees located 1.6 km further south 

(n° 9 and 13, linear distance in-between: 0.1 km). 
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r rd ewa ite (M

see above), only a minor litter layer is formed during the terrestrial phase. It is m

removed from the forests by the current of annual floodwaters and/

b d l.

 
T e . um
position and minimum flood period in 2002 and 2003 (Chapter . A

N° Tree species 

eco ed (Amaral et al. 1997). Similar to the whit ter study s archantaria Island, 

ostly 

or partially covered 

y se iments deposited during inundation (Adis et a  1997).  

abl 3. Trees sampled for P. obliterata at Lake Janauarí Identification n
3.1.3) are listed

ber (N°), tree species, 
bbreviation: d, days. 

GPS-data  Duration of minimum 
flood period 

01 Not identified 
060°01.23 W 163 d; (07.04.-16.09.03) 
03°13.09 S 188 d; (17.03.-20.09.02) 

02 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°13.08 S 
060°01.26 W 

174 d; (26.03.-15.09.02) 
150 d; (15.04.-11.09.03) 

03 Eschweilera ovalifolia [DC.] Nied., Lecythidaceae 03°13.30 S 
060°01.06 W 

135 d; (19.04.-31.08.02) 
112 d; (07.05.-26.08.03) 

05 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°13.20 S 
060°01.08 W 

188 d; (17.03.-20.09.02) 
163 d; (07.04.-16.09.03) 

06 Not identified 03°13.20 S 
060°01.08 W 

188 d; (17.03.-20.09.02) 
163 d; (07.04.-16.09.03) 

07 Cassia leiandra Benth., Fabaceae 03°13.26 S 
060°01.07 W 

218 d; (22.02.-28.09.02) 
190 d; (18.03.-23.09.03) 

08 Calophyllum brasiliense Camb., Clusiaceae 
dead wood, upright 

03°13.28 S 
060°01.06 W 

119 d; (28.04.-24.08.02) 
96 d; (16.05.-18.08.03) 

09 Eschweilera ovalifolia [DC.] Nied., Lecythidaceae 03°14.07 S 
060°01.44 W 

144 d; (14.04.-04.09.02) 
122 d; (02.05.-31.08.03) 

10 Eschweilera ovalifolia [DC.] Nied., Lecythidaceae 
dead wood, upright 

03°13.12 S 
060°01.23 W 

188 d; (17.03.-20.09.02) 
163 d; (07.04.-16.09.03) 

11 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°13.15 S 
060°01.16 W 

157 d; (06.04.-09.09.02) 
135 d; (24.04.-05.09.03) 

12 Not identified 
dead wood, upright 

03°13.13 S 
060°01.20 W 

198 d; (10.03.-23.09.02) 
171 d; (01.04.-18.09.03) 

13 Eschweilera ovalifolia [DC.] Nied., Lecythidaceae 03°14.02 S 
060°01.48 W 

144 d; (14.04.-04.09.02) 
122 d; (02.05.-31.08.03) 

14 Eschweilera ovalifolia [DC.] Nied., Lecythidaceae 03°13.06 S 218 d; (22.02.-2 9.02) 

060°01.26 W 
198 d; (10.03.-23.09.02) 
171 d; (01.04.-18.09.03) 

16 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°13.09 S 
060°01.24 W 

188 d; (17.03.-20.09.02) 
163 d; (07.04.-16.09.03) 

3.12 S 
°01.21 W 

135 d; (19.04.-31.08.02) 
112 d; (07.05.-26.08.03) 

060°01.27 W 190 d; (18.03.-23.09.03) 

15 Macrolobium acaciifolium [Benth.] Benth., Fabaceae 03°13.07 S 

8.0

17 Not identified 03°1
060

18 Eschweilera ovalifolia [DC.] Nied., Lecythidaceae 03°13.04 S 
060°01.30 W 

174 d; (26.03.-15.09.02) 
150 d; (15.04.-11.09.03) 
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Further information concerning the study site is given by Adis (1992) and other authors 

(Morais 1995; Irmler 1975). 

 

 
Figure 11. Seasonally flooded mixedwater inundation forest (Várzea & Igapó) at the Lake Janauarí 
(3°20’ S, 60°17’ W), Amazonia State, Brazil (Picture: .G.R. Bergholz).  
 

 

 The seeds of the cultivated palms were imported 

approximately 20 years ago from Peru (Garcia, pers. commun). Since the introduced 

seeds were delivered together with moistened substrate, e.g. sawdust (Garcia, pers. 

commun.), they possibly also contained concealed millipedes which established the 

respective population.  

N

 
3.1.1.4 Terra firme
3.1.1.4.1 Banana Plantation at CPPA/Embrapa 
The upland or Terra firme study site was a banana plantation (2°53´ S, 59°59´ W) 

situated on the cultivated area of the ‘Agroforestry Research Station of the Western 

Amazon’, i.e. CPPA (Centro de Pesquisa Agroflorestal da Amazônia Ocidental), 

Embrapa (Fig. 2), at km 30 on the Manaus-Itacoatiara highway (AM-010) near Manaus. 

Specimens of P. obliterata were first collected (October 1997, leg. J. Adis) in the litter 

composed of hollow palm boles on a peach palm tree plantation of Bactris gasipaes 

Kunth (Araceae) (Adis et al. 2001).
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During my own investigations, P. obliterata could not be found on the relevant palm 

tree plantation, but was abundant on the adjacent, frequently fertilised banana (Musa 

sp.; Musaceae) plantation. This banana plantation (cf. Fig. 12) was established in 

January 1999 and consisted of plants introduced as seedlings, mostly transported 

without substrate, from Bahia State, eastern coast of Brazil (Garcia, pers. commun.). 

Specimens of P. obliterata were collected at 24 different sample sites scattered 

randomly across an area of 0.17x0.14 km. 

 

 
Figure 12. Banana (Musa sp.; Musaceae) plantation (Picture: www.junglemedicmissions.org). 

 

3.1.1.4.2 Upland Forest Reserve ‘Reserva A. Ducke’ 
The upland forest reserve ‘Reserva Florestal Adolpho Ducke’ (‘Reserva A. Ducke’) is 

ne of the best studied areas of Amazonian rainforest and part of the INPA (National 

m2 of mostly 

nd situated 26 km northeast of the city (2°54´ S, 

o

Institute for Amazonian Research) at Manaus, Brazil. It is covered by 90 k

undisturbed rainforest (Fig. 13) a

59°58´ W; Fig. 2) (Adis 2002). A description of local geology, soil characteristics, flora 

and fauna is available in the literature (Penny & Arias 1982; Adis et al. 1984; Gentry 

1990; Adis et al. 2002). 
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Figure 13. Primary upland rainforest at ‘Reserva A. Ducke’ (2°54´ S, 59°58´ W), Amazonia State, Brazil 

e lower layers and are hard to locate 

(Picture: N.G.R. Bergholz). 
 

The millipede P. obliterata has been recorded at the site (Adis et al. 2002), but due to its 

rarity in this biotope (Golovatch, pers. commun.) could not be found during my own 

repeated searches. Only few specimens of other small polydesmidan millipede species 

were encountered in fallen dead wood on the ground (Cutervodesmus sp., 

Fuhrmannodesmidae; Docodesmus sp., Pyrgodesmidae). 

 

3.1.2 Monitoring and Sampling of P. obliterata in the Field 
3.1.2.1 Inundation Forests 
During the rainy season (Chapter 1.1.2), many soil arthropods can be found in the upper 

soil, whereas in the dry season they inhabit th

during the terrestrial phase (Adis, pers. commun.). Like most terricolous millipedes that 

live in the forests’ humus layer, the species P. obliterata avoids flooding by retreating 

to the non-inundated trunk area (Adis 1981, 1986). Therefore, individuals can easily be 

collected during the aquatic phase. The species can be identified, as adults are found on 
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tree trunks during this time of the year (Adis, pers. commun.). In Diplopoda, male 

gonopod structures are required for an accurate taxonomic determination (Chapter 

1.2.1.3). 

The study sites at Marchantaria Island, Tarumã Mirím River and Lake Janauarí were 

regularly visited during the aquatic phase, i.e. from March/April to September/October, 

 first year, fortnightly collections were conducted to monitor 

 in the second year, animals were collected at least 

oved bark and the bare trunk region were searched for small and 

illipedes. In addition, the decomposing wood inside floating or inundated dead 

als were 

visits. Aggregates or groups were defined as a quantity of individuals clustered together, 

in 2002 and 2003. In the

the life cycle in the field, whereas

monthly. To observe the migration behaviour, the sites were observed at fortnightly 

intervals at both the onset and end of the aquatic phases in the two years. Trees at the 

study sites were also surveyed at low water levels to detect the time of trunk ascents and 

descents as well as the local duration of flooding.  

During the aquatic phase, the sampling sites within the different inundation forests were 

reached by canoe. At least 14 sample trees per study site were chosen for permanent 

monitoring on the basis of repeated findings of P. obliterata. The respective trees were 

numbered at the first collection, labeled, characterised by means of GPS data as well as 

individual landmarks and, mostly, identified to species level. The trees were regularly 

visited to observe the progress of developmental stages and generations of P. obliterata 

in the field. 

The number of specimens sampled depended on availability. Generally, all encountered 

millipedes were collected unless densities were rather high. To trace individuals, several 

bark pieces of living trees were removed up to 1 m above the water level. Subsequently, 

the back of the rem

cryptic m

tree trunks was examined for specimens. To avoid damage, the delicate anim

collected by means of a fine, moistened brush. They were stored in small labeled boxes 

containing moist earth substrate and transported to the laboratory, where age and sex 

were determined. After classification, the respective animals were kept both for rearing 

and experiments on vertical migration and reproduction under several conditions 

(Chapter 3.1.6). Some of the adult females sampled in August and September 2003 

were dissected and screened for eggs. 

To characterise preferred bark microhabitats and the observed gregarious behaviour, the 

number of specimens per aggregate and their position relative to the water line were 

recorded for the individuals sampled and for those merely observed during regular 
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mostly with tight body contact. The presence of other small millipede species in the 

aggregates was noted and some individuals were sampled for identification. To verify if 

. obliterata also take refuge in the moist root substrate or leaf cisterns of remote 

ral epiphytes (in 2.0 to   

 marked by numbers as well as 

PS data. Due to the agricultural management, some cut banana stems were left to 

plants. The very moist plant parts 

ividual sample trees in the areas were monitored until October, when the 

nd last collecting dates (2002 and 2003), when individual trees were found flooded, a 

threshold level for inundation could be estimated for each tree. Using this threshold 

eriod (based on fortnightly observations, the 

P

epiphytes, which grow mostly in the upper trunk region, seve

7.5 m height) were sampled at Tarumã Mirím River in August 2002. 

                                       

3.1.2.2 Banana Plantation 
On the upland study site, the phenology of P. obliterata was monitored parallel to the 

time schedule performed in the inundation forests, i.e. from March/April to 

September/October, in 2002 and 2003. In 2002, fortnightly collections were made, 

while in 2003 the site was visited at least every month. 

A total of 24 different sampling sites, scattered across the field, were chosen by random 

encounters of P. obliterata. The respective sub-sites were

G

decompose on the plantation among the living banana 

were slit open and inspected for P. obliterata. If specimens were encountered, parts of 

the respective plant material were bagged and transported to the laboratory. Here, the 

decaying substrate was carefully stripped down to separate animals with a fine brush. 

Thereafter, the age and sex of the respective individuals which were then kept for 

rearing and experiments (Chapter 3.1.6) were determined. The presence of other small 

millipede species was also recorded and some individuals were sampled for 

identification.  

 

3.1.3 Estimation of Flood Periods for Individual Sample Trees 
In 2002, the inundation forests could only be visited when the aquatic phase had already 

started. Ind

forest had already fallen dry again. In 2003, observations started at the end of the 

terrestrial phase and were conducted during the subsequent aquatic phase until the next 

terrestrial phase. In considering the water level of the Negro River on the first (2003) 

a

value as a reference, the minimum flood p
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exact period cannot be given) for single trees and thus for the average sampling areas 

could be calculated for both years. 

 

3.1.4 Determination of Humidity in Microhabitats 
To compare local humidity conditions for millipedes on the banana plantation and in the 

inundated forests, the water content of the respective habitat substrates was quantified. 

During the aquatic phase, ten trees colonised by P. obliterata were selected in the 

inundated forest of Marchantaria Island. Each 30 bark pieces were collected at different 

heights above the water line (at 0 to10, 20 and 50 cm distance) from the sunny and 

tion, 30 samples of various decaying banana 

s inhabited by P. obliterata were taken. In the laboratory, all samples were weighed 

tly to determine their fresh weight and subsequently kept for approximately three 

esiccator until dry weight could be assessed. 

Identification of Collected Millipedes 
pecies identification of living P. obliterata based on distinctive morphological 

haracters in adults such as gonopods in males, body size and colour as well as shape 

nd number of segments and appendages (Figs 4 & 14; Chapter 1.2.1.3). For this 

urpose, the fragile and heliophobous specimens were cautiously inspected using a fine 

from each locality were preserved in alcohol to onom

individuals, the preparation and micr xamination of gonopods 

reconf (cf. Adis et al. 2001). Specimens of other 

small m pede species were likewise identif nd preserved in cohol as taxonomic 

voucher

The determination of sex and developmental stage in the sam . obliter re 

mainly based on external characters. Mature are distingui y the pr  of 

their ela rate gonopo dified pair of  the seventh gment (Fig. 14).  

 

shady side of trees. On the banana planta

stem

instan

weeks in a d

 

3.1.5 

S

c

a

p

brush (00 in thickness) and a stereo microscope (10 to 40-fold), with illumination 

adjusted as low as possible. In addition, some adult, predominantly male specimens 

 serve as a tax

oscopic e

ic reference. In these 

male 

irmed previous species identifications 

illi ied, a  al

s. 

pled P ata we

 males shed b esence

bo ds, a mo  legs on  body se
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Figure 14. Poratia obliterata: the gonopods (i.e. genitalia) of an adult male (size: 6 mm), situated at the 
seventh body segment (Picture: N.G.R. Bergholz). 
 

From the beginning of the fourth developmental stage, immature males are 

characterised by the absence of a leg pair on the respective segment, but the genitalic 

primordia are barely visible. Immature females can easily be distinguished from mature 

individuals, since the maturity in P. obliterata is associated with the number of body 

segments which ranges from seven in the first developmental stage up to 20 in adults 

(Table 4; Chapter 1.2.1.4). The coloration of individuals also changes during 

development. Immatures are pale whitish during the first four developmental stages, but 

become darker from the fifth stage onwards until they obtain the characteristic brown-

pinkish colour in the adult stage. 
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Table 4. Morphological characteristics of developmental stages in P. obliterata. The number of 
developmental stages along with the stage of maturation, the number of body segments and the number of 
leg pairs in both females and males are listed (Adis, pers. commun.; cf. Schubart 1934). 

N° of 
developmental 

stage 

Stage of 
maturation 

N° of body segments 
(with legs) 

N° of leg pairs (doubled leg 
pairs) 

   female male 

1 juvenile 7 (3) 3 3 

2 juvenile 9 (5) 6 (1) 6 (1) 

3 juvenile 12 (7) 11 (4) 11 (4) 

4 juvenile 15 (10) 17 (7) 16 (6) 

5 juvenile 17 (13) 23 (10) 22 (9) 

6 juvenile 18 (15) 27 (12) 26 (11) 

7 subadult 19 (16) 29 (13) 28 (12) 

8 adult 20 (17) 31 (14) 30 (13) 

 

  

3.1.6 Laboratory Experiments 
3.1.6.1 Flooding Experiment 
To compare the potential response to rising waters by vertical migration, specimens 

from seasonally inundated and non-flooded upland areas were monitored in a flooding 

experiment. To simulate a tropical forest microhabitat, the bottom of two plastic boxes 

(15x8 cm base area, 16x9 cm top area, 12 cm height) was covered with clay brought 

from the field (approx. 1 cm in height), earth substrate (approx. 0.5 cm in height; for 

composition see Chapter 3.1.6.2) and a thin top layer of native leave, all well moistened. 

To imitate tree trunks, a large piece of bark (c.a. 6x12 cm; Macrolobium acaciifolium, 

Eschweilera ovalifolia: see Chapter 3.1.6.2) was positioned at the broad side of each 

box and fixed to the container wall using tape. The boxes were tightly closed by lids 

that contained a lockable opening for water supply. Pieces of cellulose paper were 

added as a potential food source. The boxes were maintained outdoors at ambient 

temperatures (cf. enclosures; Chapter 3.1.6.2). 32 individuals each (three females, three 

males, eight subadults and 18 immatures) were collected on the banana plantation and 

in the inundated forest of Marchantaria Island in April 2003 and placed into one of the 

boxes. Animals were left to get acclimatised to their new environments and to reproduce 

for one month. Observations during this time served as control and since the treatment 
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only started in the second month. For gradual inundation, 25 ml of water per week were 

sprayed over the microterrain in each box, simulating rain. The ground became flooded 

from the third month onwards. After the fourth month, irrigation was stopped and the 

water level left to fall via evaporation, which took another five months. During both 

control and treatment, the migration behaviour was monitored by counting adult and 

juvenile specimens visible on litter, bark and container walls at weekly intervals for a 

period of five months. The number of individuals remaining in the soil, however, could 

not be examined. 

 

3.1.6.2 Reproduction Experiment 
To identify the factors regulating reproduction, i.e. inducing a univoltine life cycle in 

P. obliterata during the aquatic phase, animals were cultivated under different 

controlled conditions in enclosures (see below). From April to October 2003, 

experimental rearing and biological observations were made using individuals sampled 

from the inundation forest population of Marchantaria Island and the upland population 

on the plantation at CPAA/Embrapa, since P. obliterata were most abundant at these 

two sites. This way, exemplary comparative analyses between individuals from 

seasonally flooded and permanent non-flooded biotopes were possible. 

Four external factors were considered for a potential impact on reproduction. Firstly, 

habitat substrate (soil/litter versus bark), since the presence of soil is regarded as a 

primary factor inducing oviposition in Pentacomia egregia, a resident cicindelid beetle 

also showing a univoltine life cycle in floodplains (Amorim et al. 1997). Secondly, the 

mean air temperature (variation of day and night temperature decreases due to the 

  

ity, given that millipedes are very sensitive 

 mois ead cularly s due to their thinner 

ton. In the res  millipede Pycnotropis tida, the univoltine life cycle during 

 is caused by the mortality of j ainly a f the dr ns 

sed on tree s (Vohland &  1999). The fourth factor considered is 

ince both resources an  availabi nerals are possibly 

on bark c ed to soil r. Food tion can the 

e investme d result in ecundity reased ive 

buffering effect of the water body), which can act as a synchroniser for gonad dormancy 

and delayed maturation, as observed in females of P. egregia (Amorim et al. 1997). The 

third factor of concern is the relative humid

in terms of ture (Hopkin & R  1992), parti juvenile

exoskele ident

flooding uveniles, m s a result o y conditio

while expo  trunk  Adis

nutrition, s food d the lity of mi

restricted ompar  and litte  depriva  affect 

reproductiv nt an  lower f  and dec reproduct
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success in arthropods er 1995; M 4; Rank 97). Th  of 

 shown to aff male fertility in the milliped us angu vid 

 is of particular importance during postembryonic 

development for the formation of an exoskeleton in immature millipedes subsequent to 

ecdysis (Hopkin & Read 1992; Chapter 1.2.1.5). However, at least some of the local 

polydesmidan millipedes are capable of accumulating sufficient amounts of calcium 

from dead wood (Vohland et al. 2003). 

The effects of the different factors on mating, the reproductive output, postembryonic 

development of offspring and the mortality rate of adults were investigated in a nested 

design to test for possible interactions among treatment, habitat substrate and 

population. Ten replicates, i.e. pairs of P. obliterata, per population were used in each 

of the four different treatments (Table 5). The respective pairs were kept separately in 

square (6x5x3 cm) or round (5.5 cm in diameter, 1.5 cm in height) plastic boxes closed 

by lids. In the control and all other treatments except the ‘no plaster’ one, the bottom 

was coated (approx. 0.5 cm in height) with a moist mixture of plaster (nine parts plaster 

and one part charcoal powder) to provide for an adequate, constantly high humidity. In 

addition, the plaster layer ensures a sufficient calcium supply. In the ‘no plaster’ 

atments except for 

               

(cf. Chapter 1.1.2), sheltered against solar radiation and rainfall by a roof (Fig. 15a). To 

(Stadl omen 199 in et al. 19 e quality

food was ect fe e Polydesm stus (Da

& Celerier 1997). Calcium

treatment, the bottom was covered instead with moist filter paper. The specimens were 

cultivated on moist earth substrate (eight parts vegetable mould, one part bark mulch 

and one part ground leaves of chestnut: Castanea sativa Mill.; Fagaceae) and bark 

pieces (approx. 3.5x3.5 cm; obtained from native trees colonised by P. obliterata during 

inundation: Macrolobium acaciifolium Benth., Fabaceae, and Eschweilera ovalifolia 

Nied., Lecythidaceae), respectively, to simulate the habitat substrate during the 

terrestrial and aquatic phase. The plaster layer, filter paper and earth substrate were 

remoistened with water droplets every two to four days to maintain a water saturated 

atmosphere. Pursuing the same time schedule, the millipedes in all tre

the ‘no food’ one were fed three times a week with moistened flakes of the protein-rich 

fish food ‘Red Tetramin’ (min. crude protein: 45 %, min. crude fat: 5 %, max. crude 

fibers: 2 %, max. moisture: 6 %; ‘Tetra Werke’, Melle, Germany), which was offered 

on pieces of cellulose paper (approx.1x1 cm) to facilitate the replacement of old food. 

All these basic rearing conditions prove to be adequate for the cultivation of  

P. obliterata (Adis et al. 2001). The animals in all treatments except for the ‘constant 

temperature’ one were maintained in ‘enclosures’, i.e. outdoors at ambient temperature 
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protect the millipedes from predatory ants, all boxes were arranged on supports within 

plastic basins filled with water (Fig. 15b). The animals in the ‘constant temperature’ 

treatment were kept in a climate chamber at a constant temperature of 24 °C, like in the 

investigations on gonad dormancy in P. egregia (see above).  

 
Table 5. Experimental design of the rearing experiments with P. obliterata. Treatments were performed 
separately for animals from a floodplain (Marchantaria Island) and an upland (CPPA/Embrapa) 
population. For each population, ten replicates of 
Abbreviations: e, earth; b, bark; and T, temperature. 

one male and female were used per treatment. 

Treatment Habitat substrate Temperature Plaster Nutrition 

control e earth ambient T with plaster with food 

control b bark ambient T with plaster with food 

constant T e earth 24 °C with plaster with food 

constant T b bark 24 °C with plaster with food 

no plaster e earth ambient T no plaster with food 

no plaster b bark ambient T no plaster with food 

no food e earth ambient T with plaster no food 

no food b bark ambient T with plaster no food 
 

 
Figure 15a-b.: Cultivation of Poratia obliterata. a – the animals were kept in plastic boxes and 
maintained in outdoor enclosures at ambient temperature, sheltered by a roof. b – the boxes were 
arranged on supports within plastic basins filled with water (Pictures: N.G.R. Bergholz). 
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Before being exposed to the respective reproduction experiments, female and male 

subadults as well as immature individuals representing the 6th developmental stage of 

s during which the occurrence of egg chambers, offspring and 

s to prevent moulting individuals from damage.  

 replicates). 

ll-

 

both sexes were reared under the conditions of both ‘constant temperature’ and control 

treatment until they reached adulthood. Animals dying beforehand, i.e. during 

development and ecdysis, were replaced, with a restriction to the immediate availability 

of specimens of the respective age and sex from field collections. Collected adults from 

the field were only used in the ‘no plaster’ and ‘no food’ treatments.  

The observation period of the reproductive experiment started with adult pairs and 

lasted six month

subsequent developmental stages were monitored in the four different treatments. Using 

a stereo microscope with low illumination (Chapter 3.1.5), the boxes were checked 

weekly, with dead animals being removed. Millipedes were mainly located in the free 

area around the offered food and on the surface of bark and earth substrate, the latter 

hardly being searched for animal

If adults died too rapidly to potentially reproduce, the respective individuals were 

replaced. In each of these events, the calculation of time was restarted when a complete 

mature pair was present. Due to the delay caused by lack of availability from collections 

in the field, not all replicates could be monitored over a period of six months. Similarly, 

due to technical problems with the climate chamber, the ‘constant temperate’ treatment 

had to be restarted and thus did not comprise six but only three months of observation 

(and up to four months for single

 

3.1.7 Data Analysis and Statistics 
Unless mentioned otherwise, descriptive statistics and analyses were performed using 

STATISTICA, version 6 (StatSoft Inc. 2001).  

Given that millipedes on tree trunks are distributed contagiously (‘over dispersed’), the 

median is superior to the mean to express central tendency in the positively skewed 

distributions (Zar 1996; Sachs 1999). To estimate variation in both group size and 

position of aggregated P. obliterata among sampled trees and populations, Kruska

Wallis tests were used to study median and variance homogeneity and to identify 

significant differences. Kolmogorov-Smirnov tests were applied to compare the 

distribution of group size, position and the occurrence of other species in aggregated   

P. obliterata in 2002 and 2003. The course and duration of the aquatic phase, i.e. the 
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residence time the millipedes spent on tree trunks, was calculated considering the 

minimum flood periods of individual sample trees (Chapter 3.1.3). The relation between 

gregarious behaviour and relative position of millipedes as well as correlations of size, 

position and other species’ share in groups of P. obliterata with residence time and 

regional precipitation per month (meteorological data obtained from INMET, Manaus) 

were evaluated in rank correlation analyses of Kendall’s tau (Dytham 2003). To 

eliminate any significant interactions between variables on a particular relationship, 

partial correlations were used as necessary (partial correlation coefficients express the 

correlation between two variables, assuming that other variables are hold at constant 

ate differences in the occurrence of male and female P. obliterata during field 

sets of 2002 and 2003. 

s in sex ratio in 

e course of the aquatic phase. 

Differences in the proportion of sampled females containing mature, immature as well 

as no eggs in August and September 2003 were evaluated by a chi-square goodness of 

fit. Due to the number of observations, this analysis was restricted to females of the 

inundation forests. To test for monthly deviations in the numbers of mature and 

immature eggs per female, Kolmogorov-Smirnov tests were applied for all populations. 

Kruskal-Wallis tests were used to estimate differences in these quantities among 

populations and biotope types.  

values). Using Microsoft EXCEL, partial correlation coefficients were calculated from 

simple Kendall’s correlation coefficients according to Sachs (1999, p. 571) and Zar 

(1996, p. 421). Since Kolmogorov-Smirnov tests revealed significant differences 

between the years, all correlations were performed separately for the datasets of 2002 

and 2003. To evaluate the effects of outliers, supplementary correlations were computed 

excluding these data. 

Kendall’s tau correlations were used to estimate a significant increase or decrease in the 

monthly numbers of different developmental stages of P. obliterata monitored in the 

field during the aquatic phase. Correlations were estimated for the datasets of 2002, 

2003 and both years combined. Tests were performed for single populations as well as 

for pooled data from the three inundation forest populations. For the upland population, 

additional Kendall correlations with local climatic factors (precipitation and insolation) 

were performed. 

To estim

observations, Mann-Whitney tests were performed for the data

Chi-square goodness of fit was used to test for sex ratio differences among years and 

populations. Kruskal-Wallis tests were performed to test for difference

th
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The percentage of water content in different habitat substrates (decaying banana stems; 

nd shady sides of trees) was 

fresh to dry matter ratio. Using EXCEL, these proportional 

data were normalised by an arcsine transformation, converting relative frequencies into 

 dependent variable. To test for significant 

ved at a specific 

& Gentleman 1996; Venables et al. 2006) a 

near mixed effect model was employed to test for significant effects within the nested 

ent. The occurring developmental stages per month 

e grouping variables treatment (control, no 

plaster, constant temperature and no food), habitat substrate (earth and bark) and their 

interaction nested within population (Marchantaria Island and CPPA/Embrapa) were 

defined as fixed effects; the month and replicate pair, both nested within population, 

represented random effects. A multinominal logistic regression was performed with the 

software SPSS, version 11.5 (SPSS Inc. 2002) to estimate the particular influence of 

treatment, habitat substrate and population on the mortality of both the maturing 

individuals reared in advance of, and the adults reared in, the reproduction experiment. 

Control (treatment), earth (habitat substrate) and EB (population) were applied as a 

bark pieces collected at various heights from the sunny a

calculated by means of the 

angles (Sachs 1999). Statistical analyses were performed selecting habitat substrate as 

categorical factor and water content as

differences in humidity, a one-way analysis of variance (ANOVA) with Tukey post-hoc 

comparisons was conducted, since Tukey’s method maintains the error rate of the pre-

established α level (Brown 2005). Residuals were shown to be normally distributed.  

The total number of millipedes in the flooding experiment cannot be referred to since 

data for the specimens dwelling in the soil is not available. Instead of relative 

frequencies, the maximum number of adults and juveniles obser

location (litter, bark and container walls) per month was considered for interpretation. 

The proportion of the respective abundance in the first month (control) to that in the 

second month (treatment) was used to compare relative migratory responses to flooding. 

In the rare event of zero values, these had to be transformed into numerical values of 1 

for these estimations. To test for differences among two proportions within and between 

populations, a procedure analogous to the chi-square test was employed (Zar 1996), 

with values being calculated in EXCEL (Example 23.23, page 554 in Zar 1996) and 

significances verified using Z0.05(2) = 1.9600. A conventional chi-square analysis to test 

for differences in the number of individuals on litter and bark/container wall in the 

course of the whole observation period (month 0 to 5) was performed.  

Using the software R, version 2.3.0 (Ihaka 

li

design of the reproduction experim

were chosen as a dependent variable. Th
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reference group to estimate logistic regression coefficients (effect coefficients) and odds 

ratios. 

For all statistical tests a significance level of 5 % was accepted. 

Except for figures concerning the phenology of P. obliterata, which were constructed 

using EXCEL, all graphs were constructed using SigmaPlot, version 8. 
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3.2 Results 
3.2.1 Abiotic Factors 
3.2.1.1 Precipitation 
The last months in 2002 and the first months in 2003 were characterised by a moderate 

El Niño (Latif, pers. commun.).  

On the upland banana plantation at CPPA/Embrapa, annual precipitation as measured 

by the local weather station was notably lower in 2003 (1,958 mm) than in 2002 (2,937 

mm). The average monthly distribution of rainfall also differed between years (Fig. 

16a). Compared to 2002, the mean precipitation in 2003 was remarkably low from 

January to March and also minor in July and October to December. Only in September 

did monthly rainfall in 2003 exceed the values in 2002. 

The annual local precipitation adjacent to whitewater inundation forests as quantified by 

INMET (National Meteorological Institute at Manaus; weather station at CEASA 

harbour next to the Negro River; 03°07’S 059°57’W) was only slightly lower in 2003 

(2,288 mm) than in 2002 (2,410 mm). This shows that rainfall was lower in whitewater 

inundation forests than on Terra firme in the climatically normal year 2002 (cf. Ribeiro 

igher in 2003. The distribution of the mean monthly precipitation 

iffered in the two years (Fig. 16b). In 2003, rainfall was lower than in 2002 for 

d December, but higher for 

& Adis 1984), but h

d

January, March, May to June, September to October an

February, April and July to August. Monthly precipitation was more evenly distributed 

in 2003 than in 2002, lacking both the rainfall peak in May to June and a rapid decline 

thereafter in July to August.  
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6a-b. Average monthly precipitation recorded at weather stations near Manaus in 2002 and 
upland region (CPPA/Embrapa). b. adjacent to inundation forests (INMET: CEASA at Negro 

 Water Level 
ro River volume was less in 2003 than in 2002 (Fig. 17). As a result, both water 

e and inundation of adjacent areas in 2003 were delayed for approximately one 

compared to 2002. Accordingly, the deviation between the maximum and 

m water levels was also lower in 2003 (9.3 m) than in 2002 (11.7 m). 

at rise and fall of the water level of the Solimões River are comparable to those 

egro River (Adis, pers. commun.), field data obtained at Marchantaria Island 
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(Solimões River) as well as Lake Janauarí (Solimões River & Negro River) can be 

correlated with water level fluctuations of the Negro River. 
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Figure 17. Average water levels of the Negro River in 2002, 2003 and for 1903 to 2004 as measured at 
the harbour of Manaus. 
 

3.2.1.3 Minimum Flood Period at Study Sites 
Since the study sites in the three inundation forests were situated at different altitudes, 

the duration of the respective flood period varied as well. The longest submersion phase 

was observed for the study site on Marchantaria Island (Várzea). Due to the delayed and 

less pronounced rise of the water level in 2003, the study sites were inundated for an 

average of 25 to 35 days less in 2003 than in 2002 (Fig. 18). 

The sampling area on Marchantaria Island was flooded from March to September for at 

least 200 days in 2002 and 173 days in 2003, i.e. from a water level of 23.92 m above 

NN onwards. Two sample trees were inundated for ≥ 218 days in 2002 (22.02.-

28.09.02, water level threshold: 23.25 m) and for ≥ 190 days in 2003 (18.03.-23.09.03); 

four trees for ≥ 202 days in 2002 (07.03.-24.09.02, water level threshold: 23.85 m) and 

for ≥ 174 days in 2003 (30.03.-19.09.03); seven trees for ≥ 198 days in 2002 (10.03.-

23.09.02, water level threshold: 24.00 m) and for ≥ 171 days in 2003 (01.04.-18.09.03); 

and one tree was flooded for ≥ 174 days in 2002 (26.03.-15.09.02, water level threshold: 

24.95 m) and for ≥ 150 days in 2003 (15.04.-11.09.03) (Table 1). 
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Figure 18. Weekly rise in water level of the Negro River in early 2002 and 2003 (measured at the 
harbour of Manaus). The average water level thresholds at which sampling areas in the different 
inundation forests are flooded are indicated by horizontal lines. Abbreviations: MA, Marchantaria Island; 
TM, Tarumã Mirím River; and LJ, Lake Janauarí. 
 

ater level threshold being 24.92 m. Four of the sampled trees were 

ooded for ≥ 195 days in 2002 (12.03.-22.09.02, water level threshold: 24.13 m) and for 

reshold: 25.05 m) and for     

 in 2003 (16.04.-11.09.03); nother for ≥ 142 days in 2002 (15.04.-03.09.02, 

 threshold: 26.11 m) and -29.08.03); an e 

ted for ≥ 134 days in 2002 l threshold: 2 ) 

Similar to the Igapó site, the flood period in the sampling area at Lake Janauarí (Várzea 

er) at the minimum, the cr  24.94 m. Two e 

inundated for ≥ 218 days in 2002 (22.02.-28.09.02, water level threshold: 

s in 2003 rs for ≥ 198 days in 

er level th r ≥ 171 days in 2003 

At Tarumã Mirím River (Igapó), the minimum inundation period for the study sites 

averaged 171 days in 2002 (March to September) and 147 days in 2003 (April to 

September), the w

fl

≥ 169 days in 2003 (03.04.-18.09.03); four others for ≥ 183 days in 2002 (21.03.-

19.09.02, water level threshold: 24.65 m) and for ≥ 157 days in 2003 (11.04.-14.09.03); 

one for ≥ 171 days in 2002 (28.03.-14.09.02, water level th

≥ 149 days  a

water level ≥ 119 days in 2003 (03.05. d thre

were inunda  (20.04.-31.08.02, water leve 6.38 m

and for ≥ 112 days in 2003 (07.05.-26.08.03) (Table 2). 

& Igapó) averaged 173 days in 2002 (March to September) and 148 days in 2003 (April 

to Septemb itical water threshold being sampl

trees were 

23.25 m) and for ≥ 190 day  (18.03.-23.09.03); two othe

2002 (10.03.-23.09.02, wat reshold: 24.00 m) and fo
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(01.04.-18.09.03); four trees for ≥ 188 days in 2002 (17.03.-20.09.02, water level 

≥ 163 days in 2003 (07.04.-16.09.03); two trees for 

days in 2002 (26.03.-15.09.02, water level threshold: 24.95 m) and for ≥ 150 days in 

2003 (15.04.-11.09.03); one tree for ≥ 157 days in 2002 (06.04.-09.09.02, water level 

≥ 135 day 3); two trees fo 4 

02, water  and for ≥ 122 days in 

 others for .-31.08.02, wat l 

 ≥ 112 d .03); and one tr s 

02 (28.04 shold: 26.90 m)

18.08.03) (T

3.2.1.4 Humidity in the Microhabitat 
nd plantatio

heir relative he water conten e 

habitat substrate (Fig. 19). Whereas the water content of decaying plant material on the 

lantation averaged 87 %, the moisture level was significantly lower in bark 

unks in the Várzea (Table 6). The average water content of 

m 23 to 36 %, decreasing with height above the water 

 19). Bark microhabitats close to the water line, i.e. up 

r. 

threshold: 24.43 m) and for ≥ 174 

threshold: 25.56 m) and for s in 2003 (24.04.-05.09.0 r ≥ 14

days in 2002 (14.04.-04.09.  level threshold: 26.00 m)

2003 (02.05.-31.08.03); two  ≥ 135 days in 2002 (19.04 er leve

threshold: 26.36 m) and for ays in 2003 (07.05.-26.08 ee wa

flooded for ≥ 119 days in 20 .-24.08.02, water level thre  and for 

≥ 96 days in 2003 (16.05.- able 3). 

 

Microhabitats on the upla n and in the inundation forests of Marchantaria 

Island differ markedly in t  humidity, as defined by t t of th

p

microhabitats on tree tr

 collected bark pieces ranged fro

line but not with insolation (Fig.

to a distance of 10 cm, were most humid. Moisture declined significantly with 

increasing height, but did not differ significantly at distances of 20 and 50 cm (Table 6). 

Insolation apparently had no significant desiccative effect, since the water content of 

bark pieces collected from sunny sites of trees was not significantly lowe
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Figure 19. Humidity in microhabitats (as percentage of water content in the habitat substrate) on the 
plantation at CPPA/Embrapa (decaying banana stems) and on tree trunks within the inundation forest of 
Marchantaria Island (bark pieces at various heights above the water line: 0 to 10, 20 and 50 cm, from 
sunny and shady sides of trees). (n = 30; bars indicate standard deviation, levels of significant differences 
are given in Table 6). 
 

Table 6. Results of a one-way analysis of variance (ANOVA), Tukey post hoc tests: multiple 
comparisons of the water content of seven habitat substrates (decaying banana stems; bark pieces at 
different heights above the water line from sunny and shady sides of trees). Bold numbers indicate 
significant differences accepting a 5 % significance level. 

Substrates  P- value 

banana stem bark, 0-10 cm height, shady side 0,000 

banana stem bark, 0-10 cm height, sunny side 0,000 

banana stem bark, 20 cm height, shady side 0,000 

banana stem bark, 20 cm height, sunny side 0,000 

banana stem bark, 50 cm height, shady side 0,00

banana stem bark, 50 cm height, sunny side 0,000 

bark, 0-10 cm height, shady side bark, 0-10 cm height, sunny side 0,400 

bark, 0-10 cm height, shady side bark, 20 cm height, shady side 0,00

0 

0 

 66



Ecological Traits 

Substrates  P- value 

bark, 0-10 cm height, shady side bark, 20 cm height, sunny side 0,000 

bark, 0-10 cm height, shady side bark, 50 cm height, shady side 0,000 

0,164 

de bark, 50 cm height, sunny side 0,474 

bark, 0-10 cm height, shady side bark, 50 cm height, sunny side 0,000 

bark, 0-10 cm height, sunny side bark, 20 cm height, shady side 0,000 

bark, 0-10 cm height, sunny side bark, 20 cm height, sunny side 0,000 

bark, 0-10 cm height, sunny side bark, 50 cm height, shady side 0,000 

bark, 0-10 cm height, sunny side bark, 50 cm height, sunny side 0,000 

bark, 20 cm height, shady side bark, 20 cm height, sunny side 0,099 

bark, 20 cm height, shady side bark, 50 cm height, shady side 0,997 

bark, 20 cm height, shady side bark, 50 cm height, sunny side 

bark, 20 cm height, sunny side bark, 50 cm height, shady side 0,340 

bark, 20 cm height, sunny side bark, 50 cm height, sunny side 1,000 

bark, 50 cm height, shady si
 

3.2.2 Morphology 
3.2.2.1 Poratia obliterata 
Specimens of P. obliterata from the sample sites (Fig. 50) represented bisexual 

populations and were identical in all morphological characters, e.g. body size (5 to   

7 mm), number of body segments (20), lateral lobulations on paraterga 16 to 19 and the 

structure of the gonopod telopodite (cf. Golovatch & Sierwald 2001).    

 
3.2.2.2 Other Millipede Species 

     

   

for the first time (Bergholz et 

Four small millipede species co-occurring with P. obliterata were identified based on 

morphology:  

Poratia insularis Kraus 1960 (Diplopoda: Pyrgodesmida: Pyrgodesmidae; body size: 

5 to 7 mm), a congener of P. obliterata previously known only from the type locality, 

i.e. Muyuy Island in the Solimões River near Iquitos, Peru (Kraus 1960). So it has been 

recorded in Central Amazonia, and in Brazil as a whole, 

al. 2005). 
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Cutervodesmus adisi Golovatch 1992 (Diplopoda: Pyrgodesmida: Fuhrmannodesmidae; 

body size: 4.5 to 6 mm), so far only known from the blackwater inundation forest at 

Tarumã Mirím River (Golovatch 1992).  

Docodesmus amazonicus Golovatch 1997 (Diplopoda: Pyrgodesmida: Pyrgodesmidae; 

body size ca. 8.5 mm), so far only known from Terra firme, i.e. secondary forest at 

Tarumã Mirím River (Golovatch 1997a).  

Myrmecodesmus hastatus Schubart 1945 (Diplopoda: Pyrgodesmida: Pyrgodesmidae; 

body size 5 to 8 mm), a species widely distributed in Brazil (Pará, Rio de Janeiro, 

Distrito Federal) and Argentina, probably as a result of association not only with human 

settlements, but also ant nests and termites (Golovatch 1996). It has been recorded in 

and occasionally dead wood, during the terrestrial phase and avoided 

se by seasonal vertical migrations. The animals did not 

d by the rising 

ental stages 

ropods. The animals preferred small to medium-sized bark 

           

Central Amazonia for the first time (Bergholz et al. 2004). 

 

3.2.3 Ethology 
3.2.3.1 Inundation Forests 
3.2.3.1.1 Seasonal Vertical Migration 
P. obliterata specimens in the inundation forests dwelled on the ground, i.e. within 

litter, soil 

drowning during the aquatic pha

climb tree trunks beforehand, but only escaped when directly force

waters. In contrast to other resident species (Adis 1981; Adis), all developm

of P. obliterata showed trunk ascent, but advanced stages (juveniles of the 6th stage and 

subadults) definitely outnumbered the others and thus can be termed migratory stages. 

At the end of the inundation period, the animals returned to the ground and ceased to 

reside on trees. 

P. obliterata generally favoured trees with rather coarse and loose-fitting bark for trunk 

ascents, since individuals took refuge under bark, presumably to protect themselves 

from sun and predatory arth

pieces for shelter, probably because larger pieces often harboured large predators such 

as chilopods (Chilopoda) and spiders (Arachnida). The sampled trees were also 

colonised by seasonally migrating ants (Formicidae). Given that individuals of  

P. obliterata were occasionally found together with some small ants, however, there 

seemed to be no interference at moderate ant densities. In contrast, on trees with 

permanent termite (Isoptera) colonies, P. obliterata were only rarely encountered.  
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Due to their inconspicuous coloration and small size, the millipedes were generally well 

disguised. When being sampled, individuals tended to adhere to the bark or rapidly 

escape into small crevices, probably the same reaction they would show in the presence 

of predators. 

On Marchantaria Island, specimens were collected on 16 trees comprising four different 

tree species, namely Macrolobium acaciifolium [Benth.] Benth., Fabaceae (Várzea, 

Igapó and mixedwater); Eschweilera ovalifolia [DC.] Nied., Lecythidaceae (Várzea and 

mixedwater); Vitex cymosa Bertero ex Spreng., Verbenaceae (Várzea and mixedwater) 

and Nectandra amazonum Nees, Lauraceae (Várzea, Igapó and mixedwater) (Table 1).  

Most likely due to its loose bark, the majority of millipedes were encountered on         

M. acaciifolium. As a result of relatively dense bark, some millipedes on E. ovalifolia 

ere located outside, hiding in moist crevices. The bast-like bark of V. cymosa readily 

absorbs water, usually being more humid and overgrown by fungi.  

P. obliterata were occasionally found associated with its congener P. insularis 

(Bergholz et al. 2005), but only on a single tree trunk (n° 15) located on the lakeside 

opposite to the others. 

At other Várzea sites (Table 17), P. obliterata were also collected on Mabea nitida 

Spruce ex Benth., Euphorbiaceae (Careiro Island and Lake Janauacá;Várzea, Igapó and 

mixedwater) and Cassia leiandra Benth., Fabaceae (Lake Janauacá; Várzea, Igapó) as 

well as few other trees which could not be specifically identified. The millipedes were 

in part also encountered on dead but standing wood, i.e. upright decaying tree trunks.  

P. obliterata co-occurred with P. insularis (Careiro Island and Lake Janauacá) as well 

as other small millipede species, namely Cutervodesmus sp. (Fuhrmannodesmidae) on 

Careiro Island, Paciência Island and at Lake Janauacá and Docodesmus sp. 

(Pyrgodesmidae) on Careiro Island and at Lake Janauacá. 

At Tarumã Mirím River, P. obliterata were sampled on ten trees representing four 

ixedwater); as well as on four trees which could not be specifically identified (Table 

). One of the sampled A. latifolia specimens was a dead tree trunk (n° 14). 

Most individuals were again found on M. acaciifolium. 

w

different species: M. acaciifolium, Tabebuia barbata [E. Mey] Sandw., Bignoniaceae 

(Várzea, Igapó and mixedwater), Aldina latifolia Spruce ex Benth., Fabaceae (Igapó and 

mixedwater), and Calophyllum brasiliense Camb., Clusiaceae (Várzea, Igapó and 

m

2
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P. obliterata were found associated with Cutervodesmus adisi (Golovatch 1992) on six 

of the 14 trees examined (n° 3 to 4, 8 to 9, 11 and 16) and also co-occurred with 

Docodesmus amazonicus (Golovatch 1997a) on a single tree (n° 5). 

At other Igapó locations (Table 17), P. obliterata were also found on C. leiandra 

(Puraquequara River), M. nitida (Anavilhanas Islands) and Acosmium nitens (Vogel) 

Yakovlev, Caesalpiniaceae (Anavilhanas Islands; Várzea, Igapó and mixedwater), as 

well as on several trees which could not be specifically identified, partly representing 

standing dead wood. P. obliterata were found associated with P. insularis on the 

Anavilhanas Islands and co-occurred with Cutervodesmus sp. and Docodesmus sp. at 

the Puraquequara River.  

At Lake Janauarí, specimens were collected on 17 trees representing four different tree 

species, M. acaciifolium, E. ovalifolia, C. leiandra, C. brasiliense, as well as on four 

trees which could not be specifically identified, partly as standing dead wood (Table 3).  

Again, most of the specimens were encountered on M. acaciifolium. 

15 to 18). 

 

3.2.3.1.2 Preferred Microhabitats and Gregarious Behaviour 
During the aquatic phase, P. obliterata specimens in the different inundation forests 

dwelled in aggregations, which also comprised individuals of other small millipede 

species, close to the water line (Figs 20-22). Most of the groups, including the largest, 

were observed near the water line at distances of approximately 10 to 20 cm, while only 

sporadic, mainly single individuals were found at further distances and up to 100 to 150 

cm of height. Only one single male inhabited the moist substrate of an epiphyte at a 

height of 200 cm (Fig. 21). 

Kruskal-Wallis tests revealed significant median and variance inhomogeneity                

(P < 0.050) of both size and position in groups of P. obliterata among the sampled trees 

on Marchantaria Island (MA) and at Tarumã Mirím River (TM). At Lake Janauarí (LJ), 

P. obliterata were found associated with P. insularis on nine of the 17 trees examined 

(n° 2 to 3, 7, 11 to 12, 14 to 16 and 18) and co-occurred with C. adisi on three of the 

trees (n° 5, 15 to 16) and/or with D. amazonicus on ten of the trees (n° 2, 5, 7 to 9, 11, 

significant median homogeneity but variance inhomogeneity of overall group size, as 

well as significant median and variance inhomogeneity of the relative position of 

groups, among trees were observed (P < 0.050). Multiple comparisons showed that 
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aggregation sizes on MA were significantly different among tree 7 and trees 11 and 12 

(P < 0.050; Fig. 23a). The relative position of groups was significantly distinct between 

tree 14 and all other trees (except for n° 5, 6, 11, 15 and 16); between tree 15 and trees 1 

to 4; and between tree 1 and tree 11 (P < 0.050; Fig. 23b). At TM, aggregation sizes 

varied significantly among tree 12 and trees 2 and 3, and among tree 2 and tree 4         

(P < 0.050; Fig. 24a). The height above the water line was significantly distinct only 

between tree 12 and trees 4 and 6 (P < 0.050; Fig. 24b). Aggregation sizes at LJ were 

significant different among tree 7 and 11 (P < 0.050, Fig. 25a). The relative position 

varied significantly between tree 3 and several trees (n° 5, 8, 10 and 15); between tree 8 

and trees 17 and 18; as well as between tree 10 and other trees (n° 7, 11, 17 and 18)        

(P < 0.050, Fig. 25b). 
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Figure 20. Dispersion of aggregated P. obliterata on tree trunks on Marchantaria Island during th

uatic ph
e 

ases in 2002 and 2003: group size (rarely associated with P. insularis, once with C. adisi) and 
osition relative to the water line. Number of groups in different heights (in cm) as indicated by indices 

(N2-N100): N2 = 101; N3 = 1; N5 = 25; N6 = 1; N7 = 21; N8 = 8; N10 = 60; N13 = 29; N15 = 39; N18 = 2; N20 = 16; 
N23 = 21; N25 = 26; N30 = 3; N33 = 9; N40 = 3; N70 = 1; N100 = 1.  
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Figure 21. Dispersion of aggregated P. obliterata on tree trunks at Tarumã Mirím River during the 
aquatic phases in 2002 and 2003: group size (partly associated with C. adisi, rarely with D. amazonicus) 
and position relative to the water line. Number of groups in different heights (in cm) as indicated by 
indices (N2-N200): N2 = 18; N3 = 1; N5 = 9; N6 = 3; N7 = 6; N8 = 8; N10 = 30; N13 = 6; N15 = 36; N18 = 2;      
N20 = 9; N23 = 1; N25 = 8; N30 = 27; N40 = 6; N50 = 13; N60 = 6; N65 = 1; N70 = 9; N80 = 6; N100 = 8; N200 = 1.  
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Figure 22. Dispersion of aggregated P. obliterata on tree trunks at Lake Janauarí during the aquatic 
phases in 2002 and 2003: group size (partly associated with P. insularis, C. adisi and D. amazonicus) and 
position relative to the water line. Number of groups in different heights (in cm) as indicated by indices 
(N2-N150): N2 = 16; N3 = 1; N5 = 17; N7 = 2; N8 = 5; N10 = 34; N13 = 5; N15 = 31; N20 = 23; N23 = 4; N25 = 15; 
N30 = 15; N40 = 4; N45 = 4; N50 = 14; N60 = 1; N70 = 1; N80 = 4; N150 = 1.  
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ariation in group size and position of aggregated P. obliterata on different sampled tree 
antaria Island during the aquatic phases in 2002 and 2003. a. group size (tree 15: rarely 

P. insularis, once with C. adisi). b. height above the water line. Total number of groups: 
mber of groups on different trees (n°) as indicated by indices (N1-N16): N1 = 39; N2 = 27; 
; N5 = 1; N6 = 1; N7 = 35; N8 = 12; N9 = 22; N10 = 12; N11 = 24; N12 =32; N13 = 18; N14 = 46; 
5. Data points represent the median, lower bars indicate the 1st quartile, upper bars the 3rd 
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Figure 25a-b. Variation in group size and position of aggregated P. obliterata on different sampled tree 
trunks at Lake Janauarí during the aquatic phases in 2002 and 2003. a. group size (partly associated with 
P. insularis, C. adisi and D. amazonicus). b. height above the water line. Total number of groups:   
N

    

sizes were lower in 2003 than in 2002 (Table 8). In contrast, the values and variance of 

total = 197. Number of groups on different trees (n°) as indicated by indices (N1-N18): N1 = 1; N2 = 15;   
N3 = 9; N5 = 9; N6 = 2; N7 = 20; N8 = 10; N9 = 3; N10 = 16; N11 = 14; N12 =15; N13 = 1; N14 = 4; N15 = 33;    
N16 = 17; N17 = 14; N18 = 14. Data points represent the median, lower bars indicate the 1st quartile, upper 
bars the 3rd quartile.  
 

Kolmogorov-Smirnov tests revealed significant differences in the distributions of both 

group size (P < 0.005) and relative position (P < 0.001) of aggregated P. obliterata on 

MA and at TM between 2002 and 2003 (Table 7). The values and variance of 

aggregation sizes increased from 2002 (MA, mean: 4, median: 2; TM, mean: 3, median: 

1) to 2003 (MA, mean: 7, median: 3; TM, mean: 5, median: 2), even though sample 
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the height above the water line decreased from 2002 (MA, mean: 13, median: 10; TM, 

mean: 34, median: 25) to 2003 (MA, mean: 9, median: 8; TM, mean: 12, median: 8). No 

ence of 

significant between-year differences were observed for the size (2002, mean: 3, median: 

2; 2003, mean: 4, median: 2) and relative position (2002, mean: 20, median: 15; 2003, 

mean: 21, median: 15) of P. obliterata groups at LJ (Table 7), but the sample size was 

likewise lower in 2003 than in 2002 (Table 8).  

Table 7. Statistical parameters of the size and position of P. obliterata aggregations, and occurr
other species within these in three different floodplain forests during the aquatic phases in 2002 and 2003. 
The sample size (N), mean, standard deviation (SD), median, first (Q1) and third quartiles (Q3), minimum 
(Xmin) and maximum values (Xmax) and the variance (s2) are given. Variables that differ significantly 
between 2002 and 2003 are printed in bold (*, P < 0.005; **, P < 0.001; Kolmogorov-Smirnov test). 
Abbreviation: a.w.l., above the water line. Other millipede species: Poratia insularis (Pyrgodesmidae), 
Cutervodesmus adisi (Fuhrmannodesmidae), Docodesmus amazonicus (Pyrgodesmidae).  

 N Mean SD Median Q1 Q3 Xmin Xmax s2

Marchantaria Island
2002          
group size* 251 4 5 2 1 4 1 40 26 
height a.w.l.** 251 13 11 10 5 20 2 100 115 
P. insularis 8 3 2 2 2 4 1 6 3 
C. adisi 1 1 - 1 1 1 1 1 - 

2003          
group size* 116 7 16 3 1 7 1 150 261 
height a.w.l.** 116 9 9 8 2 10 2 70 75 

Tarumã Mirím River
2002          
group size* 145 3 6 1 1 3 1 50 35 
height a.w.l.** 145 34 30 25 15 50 2 200 891 
C. adisi 3 28 18 25 11 47 11 47 329 
D. amazonicus 2 2 1 2 1 3 1 3 2 

2003          
group size* 69 5 7 2 1 6 1 28 45 
height a.w.l.** 69 12 11 8 5 15 2 70 125 
C. adisi 14 13 7 13 8 19 4 24 42 

Lake Janauarí
2002          
group size 127 3 4 2 1 4 1 22 14 
height a.w.l.  127 20 16 15 10 25 2 80 245 
P. insularis 27 2 2 2 1 2 1 9 3 
D. amazonicus 13 4 2 4 2 5 1 7 3 

2003          
group size 70 4 5 2 1 4 1 34 27 
height a.w.l.  70 
P. insularis 10 

21 23 15 10 25 2 150 513 
1 0 1 1 1 1 2 0 

C. adisi 7 7 3 6 4 9 2 12 11 
D. amazonicus 15 5 4 3 3 5 1 17 17 
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Table 8. Number of individuals (total and single species) in aggregations of P. obliterata sampled from 
trees in three different inundation forests during aquatic phases (2002 and 2003). Millipede species:     
P. obliterata (Pyrgodesmidae), P. insularis (Pyrgodesmidae), C. adisi (Fuhrmannodesmidae) and   
D. amazonicus (Pyrgodesmidae). 

 Total number 
of specimens 

Poratia 
obliterata 

Poratia 
insularis 

Cutervodesmus 
adisi 

Docodesmus 
amazonicus 

    
        

Marchantaria Island      
2002 927 905 21 1 - 
2003 860 860 - - - 
Tarumã Mirím River      
2002 431 344 - 83 4 
2003 357 169 - 188 - 
Lake Janauarí      
2002 390 287 57 - 46 
2003 262 133 11 46 72 

 

The share of other small millipede species, i.e. P. insularis, C. adisi and D. amazonicus, 

in groups of P. obliterata did not vary significantly between years (Tables 7 & 8). On 

   

t no individuals of any species were found on this 

spective tree in 2003. Similarly, D. amazonicus (N = 4 ind.) only co-occurred with    

. obliterata at TM in 2002. In contrast, C. adisi were solely found associated with      

. obliterata at LJ in 2003. At both TM and LJ, the comparative share of other species 

 these aggregations increased from 2002 to 2003. 

 2002, significant median and variance inhomogeneity was observed in both group 

ze and height above the water line in aggregated P. obliterata among different 

undation forests. Whereas group sizes did not differ between MA and LJ, aggregation 

zes at TM were significantly distinct from both MA (P = 0.002) and LJ (P = 0.049). 

ll populations differed significantly in their relative position of aggregations to the 

water line (P = 0.000). The shortest average distance was recorded for groups on MA, 

whereas aggregations at LJ and, particularly, those at TM were located at further 

distances (Table 7). 

In 2003, median and variance values of group sizes were homogeneous in all 

populations, showing no significant difference. In contrast, inhomogeneity in both 

median and variance values of the height above the water line was revealed among 

populations. The position of groups did not vary between MA and TM. However, it was 

significantly distinct at LJ (P = 0.000), as the local aggregated individuals did not 

MA, specimens were associated with P. insularis (N = 22 individuals) and C. adisi   

(N = 1) on tree 15 in 2002, bu

re

P

P

in

In

si

in

si

A
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change their relative position from 2002 to 2003, whereas those on MA and TM moved 

closer to the water line. 

The share of other small millipede species, i.e. P. insularis, C. adisi and D. amazonicus, 

in groups of P. obliterata did not vary significantly among the locations, except for the 

occurrence of C. adisi between TM and LJ (P = 0.037), since the species is more 

abundant at TM (Tables 7 & 8). P. insularis co-occurred only at MA and LJ, C. adisi 

mainly at TM and also at LJ, with D. amazonicus mainly at LJ and rarely at TM. 

At MA, the group size of aggregated P. obliterata was positively correlated with 

residence time in both years (2002: τ = 0.096; 2003: τ = 0.220; Fig. 26a-b), negatively 

correlated with precipitation in 2003 (τ = -0.271; Fig. 26b), and positively correlated 

with height above the water line in 2002 (τ = 0.146; Fig. 27a) (Table 9). When omitting 

the effects of other variables in partial correlations, the relation to residence time was 

weak (2002: τp = 0.049; 2003: τp = 0.050). The strongest partial correlation was 

observed between group size and precipitation in 2003 (τp = -0.170), followed by group 

size and height in 2002 (τp = 0.121). The height above the water line was positively 

correlated with residence time in both years (2002: τ = 0.343; 2003: τ = 0.334; Fig. 28a-

b), but negatively correlated with precipitation in 2002 (τ = -0.342; Fig. 28a) (Table 9). 

When using partial correlations, the magnitude of the relation between height and 

residence time (τp = 0.125) as well as precipitation (τp = -0.138) in 2002 was almost 

equal. The occurrence of P. insularis within the aggregations was not related to any of 

the variables. 

At TM, aggregation sizes were positively correlated with residence time (τ = 0.188), but 

negatively correlated with precipitation (τ = -0.254) in 2003 (Fig. 29b; Table 9). Partial 

correlation coefficients revealed a stronger relation between group size and precipitation 

(τp = -0.232) than between group size and residence time (τp = 0.155) in 2003. 

. The share of    

. adisi within the aggregations was positively correlated with residence time              

(τp = 0.407) in 2003. 

At LJ, group size was positively correlated with residence time (τ = 0.178), but 

negatively correlated with precipitation (τ = -0.194) in 2003 (Fig. 32b; Table 9.). Partial 

Aggregation sizes are not correlated with the height above the water line (Fig. 30a-

b).The relative height was negatively correlated with residence time (τ = -0.149), but 

positively correlated with precipitation (τ = 0.226) in 2002 (Fig. 31a). Partial 

correlations showed a weak correlation of height with residence time (τp = 0.050) and a 

stronger relation between height and precipitation (τp = 0.178) in 2002

C
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correlations revealed a weak correlation with residence time (τp = 0.067) and a stronger 

relation between group size and precipitation (τp = -0.102) in 2003. Aggregation size 

was not correlated with height above the water line (Fig. 33a-b). The relative height was 

positively correlated with residence time in both years (2002: τ = 0.237; 2003:               

τ = 0.228; Fig. 34a-b), but negatively correlated with precipitation in 2002 (τ = -0.157; 

Fig. 34a). Using partial correlations, the relation between height and residence time    

(τp = 0.179) remained distinct, while there was no correlation observed between height 

and precipitation (τp = -0.001) in 2002. The occurrence of other species within these 

aggregations was positively correlated with residence time (τ = 0.458), negatively 

correlated with precipitation (τ = -0.392) in 2003, and also negatively correlated with 

height above the water line in 2002 (τ = -0.249), but positively correlated with height in 

2003 (τ = 0.272). Partial correlation coefficients revealed relations between the presence 

of other species and residence time (τp = 0.243), height (τp = 0.207), and precipitation 

(τp = -0.152) in 2003. 

Omitting extreme sample data did not modify the significance level of any relation 

observed in the correlation tests. 
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Figure 27a-b. Relation between group size (rarely associated with P. insularis) and position of 
aggregated P. obliterata on tree trunks at Marchantaria Island during the aquatic phase. a. 2002. Total 
number of groups: Ntotal = 251. Number of groups in different heights (in cm) as indicated by indices (N2-

  

 the 1st quartile, upper bars the 3rd 
uartile. Levels of significance for correlations are given in Table 9. 

 

 

 

 

 

N100): N2 = 54; N3 = 1; N5 = 21; N7 = 17; N8 = 3; N10 = 30; N13 = 25; N15 = 28; N18 = 2; N20 = 13; N23 = 20; 
N25 = 22; N30 = 2; N33 = 9; N40 = 3; N100 =1. b. 2003. Ntotal = 116. Number of groups in different heights 
(N2-N70): N2 = 47; N5 = 4; N6 = 1; N7 = 4; N8 = 5; N10 = 30; N13 = 4; N15 = 11; N20 = 3; N23 = 1; N25 = 4;   
N30 = 1; N70 = 1. One extreme sample (group size: 150 individuals; height: 13 cm) was omitted from 

lustration. Data points represent the median, lower bars indicateil
q
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Table 9. Correlation matrix for size, position and share of foreign specimens in aggregations of P. 
obliterata, with residence time on tree trunks and precipitation levels in three different inundation forests 
during aquatic phases (2002 and 2003). Kendall`s correlation coefficients τ and P-values (n.s. = P < 0.05) 
are listed. Partial correlation coefficients (significant interactions between variables omitted) are given in 
brackets. Significant correlations are printed in bold. Abbreviation: a.w.l., above the water line.  

    

Marchantaria Island
2002 residence time precipitation height a.w.l. 

group size 0.096 (0.049) 
0.024 

-0.0518 
n.s. 

0.146 (0.121) 
0.000 

height a.w.l. 0,343 (0.125) 
0.000 

-0.342 (-0.138) 
0.000 

 

P. insularis 0.372 
n.s. 

-0.465 
n.s. 

0.546 
n.s. 

2003    
group size 0.220 (0.050) 

0.000 
-0.271 (-0.170) 

0.000 
0.046 
n.s. 

height a.w.l. 0.334 
0.000 

-0.116 
n.s. 

 

Tarumã Mirím River
2002 residence time precipitation height a.w.l. 

group size 0.066 
n.s. 

0.016 
n.s. 

-0.016 
n.s. 

height a.w.l. -0.149 (0.050) 
0.008 

0.226 (0.178) 
0.000 

 

other millipede species               -0.105  
                 n.s. 

0.000 
n.s. 

0.105 
n.s. 

2003    
group size 0.188 (0.155) 

0.023 
-0.254 (-0.232) 

0.002 
0.069 
n.s. 

height a.w.l. 0.102 
n.s. 

0.014 
n.s. 

 

C. adisi 0.407 
0.042 

-0.075 
n.s. 

0.035 
n.s. 

Lake Janauarí
2002 residence time precipitation height a.w.l. 

group size 0.029 
n.s. 

-0.106 
n.s. 

0.019 
n.s. 

height a.w.l. 0.237 (0.179) 
0.000 

-0.157 (-0.001) 
0.008 

 

other millipede species               -0.048 
                 n.s. 

0.047 
n.s. 

-0.249 
0.038 

2003    
group size 0.178 (0.067) 

0.029 
-0.194 (-0.102) 

0.018 
0.063 
n.s. 

height a.w.l. 0.228 
0.004 

-0.088 
n.s. 

 

other millipede species          0.458 (0.243) 
               0.000 

-0.392 (-0.151) 
0.004 

0.272 (0.207) 
0.047 
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8a-b. Relation between the position of aggregated P. obliterata groups on tree trunks on 
aria Island and regional precipitation during the aquatic phase. a. 2002. b. 2003. For N see 
. Data points represent the median, lower bars indicate the 1st quartile, upper bars the 3rd 
evels of significance for correlations are given in Table 9. 
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Figure 29a-b. Relation between group sizes in aggregated P. obliterata (partly associated with C. adisi, 
rarely with D. amazonicus) on tree trunks at Tarumã Mirím River and regional precipitation during the 
aquatic phase. a. 2002. Total number of groups: Ntotal = 145. Number of groups per month of inundation 
as indicated by indices (N2-N6.5): N2 = 8; N2.5 = 30; N3 = 16; N3.5 = 34; N4 = 4; N4.5 = 22; N5 = 13; N5.5 = 5; 

6.5 = 13. b. 2003. Ntotal = 69. Number of groups per month of inundation (N0-N5): N0 = 1; N0.5 = 5; N1 = 5; 
1.5 = 4; N2 = 6; N2.5 = 15; N3 = 3; N3.5 = 4; N4 = 8; N4.5 = 10; N5 = 8. Data points represent the median, 

lower bars indicate the 1st quartile, upper bars the 3rd quartile. Levels of significance for correlations are 
given in Table 9.  
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Figure 30a-b. Relation between group size (partly associated with C. adisi, rarely with D. amazonicus) 
and position of aggregated P. obliterata on tree trunks at Tarumã Mirím River during the aquatic phase.  
a. 2002. Total number of groups: Ntotal = 145. Number of groups in different heights (in cm) as in cated 

 

 indicate the 1st quartile, upper bars the 3rd quartile. 
Levels of significance for correlations are given in Table 9. 

di
by indices (N2-N200): N2 = 7; N8 = 2; N10 = 23; N13 = 1; N15 = 28; N18 = 1; N20 = 4; N23 =1; N25 = 7; N30 =24; 
N40 = 4; N50 = 13; N60 = 6; N65 = 1; N70 = 8; N80 = 6; N100 = 8; N200 = 1. One extreme sample (N200) was 
omitted from illustration. b. 2003. Ntotal = 69. Number of groups in different heights (N2-N70): N2 = 11;  
N3 = 1; N5 = 9; N6 = 3; N7 = 6; N8 = 6; N10 = 7; N13 = 5; N15 = 8; N18 = 1; N20 = 5; N25 = 1; N30 = 3; N40 = 2; 
N70 = 1. Data points represent the median, lower bars
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Figure 31a-b. Relation between the position of aggregated P. obliterata groups on tree trunks at Tarumã 
Mirím River and regional precipitation during the aquatic phase. a. 2002. b. 2003. For N see Figure 29. 
Data points represent the median, lower bars indicate the 1st quartile, upper bars the 3rd quartile. Levels of 
significance for correlations are given in Table 9. 
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Figure 31a-b. Relation between the position of aggregated P. obliterata groups on tree trunks at Tarumã 
Mirím River and regional precipitation during the aquatic phase. a. 2002. b. 2003. For N see Figure 29. 
Data points represent the median, lower bars indicate the 1st quartile, upper bars the 3rd quartile. Levels of 
significance for correlations are given in Table 9. 
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Figure 33a-b. Relation between group size (partly associated with other species) and position of 
aggregated P. obliterata on tree trunks at Lake Janauarí during the aquatic phase. a. 2002. Total number 
of groups: Ntotal = 127. Number of groups in different heights (in cm) as indicated by indices (N2-N80):    
N2 = 6; N3 = 1; N5 = 15; N7 = 2; N8 = 1; N10 = 18; N13 = 3; N15 = 22; N20 = 17; N23 = 4; N25 = 8; N30 = 10;   
N40 = 4; N45 = 2; N50 = 11; N60 = 1; N80 = 2. Total numbers of individuals: P. obliterata, 287; P. insularis, 
57; D. amazonicus, 46. b. 2003. Ntotal = 70. Number of groups in different heights (in cm) (N2-N150):    
N

   
 = 16; N13 = 2; N15 = 9; N20 = 6; N25 = 7; N30 = 5; N45 = 2; N50 = 3; N70 = 1;       
me sample (N ) was omitted from illustration. Data points represent the 

2 = 10; N5 = 2; N8 = 4; N10
N80 150 150
median, lower bars indicate the 1

= 2; N = 1. One extre
st quartile, upper bars the 3rd quartile. Levels of significance for 

correlations are given in Table 9. 
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Figure 34a-b. Relation between the position of aggregated P. obliterata groups on tree trunks at Lake 
Janauarí and regional precipitation during the aquatic phase. a. 2002. b. 2003. For N see Figure 32. Data 
points represent the median, lower bars indicate the 1st quartile, upper bars the 3rd quartile. Levels of 
significance for correlations are given in Table 9. 
 

3.2.3.2 Banana Plantation 
On the upland banana plantation, P. obliterata dwelled in the interior of humid pseudo-

trunks left on the ground after cutting. Whereas fresh plant material was not accepted by 

these millipedes, banana stems in an advanced state of decay were, in part, densely 

populated. P. obliterata lived in scattered groups (no body contact) or solitary in the 

a  

2002 

b  

2003 
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moist, comb-like chambers of the trunk-forming leaves. When plant material started to 

desiccate, animals first retreated to still humid, in part rooted, regions underneath the 

rotten pseudo-stems. Particularly during the drier season, some advanced stages were 

encountered beneath rotten leaves or pseudo-trunks facing the humid, loamy soil. Along 

with a drying soil surface millipedes migrated, depending on soil conditions (scanty 

litter, large fraction of clay), rather horizontally to nearby plant material than vertically 

into deeper soil layers. 

The animals avoided banana stems colonised by ants but did not seem disturbed by the 

presence of other insects and their larvae or co-occurring millipede species, such as the 

less common Myrmecodesmus hastatus (Bergholz et al. 2004). The total number of 

individuals sampled during the observations differed little between 2002 and 2003 

(Table 10). 

 

obliterata hastatus 

Table 10. Number of individuals of P. obliterata and co-occurring M. hastatus sampled in parallel to 
aquatic phases (2002 and 2003) on the banana plantation at CPPA/Embrapa.  

 Poratia Myrmecodesmus 

2002 1119 8 
2003 1166 18 

 
 

3.2.4 Phenology 
3.2.4.1 Life Cycle (Progress of Stages, Sex Ratio) 
3.2.4.1.1 Inundation Forests 
Field observations indicate a univoltine life cycle for P. obliterata in the inundation 

forests. At all study sites, i.e. Marchantaria Island, Tarumã Mirím River and Lake 

Janauarí, the proportion of advanced developmental stages amongst the sampled 

individuals grew steadily during the aquatic phase, while no recent offspring was 

n tree trunks at the beginning of the aquatic phase, i.e. shortly after trunk ascents. The 

detected (Figs 35-37).  

In 2002, only few individuals of developmental stages younger than the 5th were found 

o

sampled population at Lake Janauarí comprised a higher portion of juvenile stages than 

those at the other two locations. At all sites, the majority of animals spent the aquatic 

phase in the 6th and mainly subadult stages, with a fraction of subadults accomplishing 

adulthood towards the end of inundation. This pattern is most apparent in the population 
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monitored on Marchantaria Island, where more than 80 % of all individuals encountered 

during the last month of inundation had developed into adults. Here, Kendall’s 

correlations revealed a significant decrease (τ = -0.733, P = 0.039) in the number of 

individuals of the 6th stage during the aquatic phase. When data for all inundation 

forests were pooled, the number of specimens in both 4th and 6th stages declined 

significantly with time (stage 4: τ = -0.378, P = 0.041; stage 6: τ = -0.458, P = 0.013). 

Other correlations were not significant. The total number of individuals observed during 

the aquatic phase did not change significantly. 
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Figure 35. Phenology of P. obliterata sampled in the whitewater inundation forest (Várzea) on 
Marchantaria Island during the aquatic phase in 2002 and 2003.  
(Water level of the Negro River: average values between collection dates; total number of individuals (N) 
in 2002: 771, and in 2003: 595; Ntotal: 1366). 
 

In 2003, the proportion of younger developmental stages at the beginning of the aquatic 

ereas age distribution in the last 

onths of flooding resembled that of the previous year for animals from Marchantaria 

Island and Tarumã Mirím River, the millip des were perspicuously younger at Lake 

ny 6

senting formerly 3rd and 4th stages at 

e onset of flooding (April-May). On Marchantaria Island, the number of specimens 

representing stages 1 to 4 declined significantly with time (stage 1 to 3: τ = -0.724,       

 

2002 
 

    2003 

phase was higher than in 2002. That was particularly true for the population observed in 

hthe seasonally flooded forest at Lake Janauarí. W

m

e

Janauarí. Here, ma th and some 5th developmental stages were still encountered near 

the end of the aquatic phase, most probably repre

th
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P = 0.022; stage 4: τ = -0.620, P = 0.050), while at Tarumã Mirím River, the number of 

adults increased significantly (τ = 0.966, P = 0.006). When data for all inundation 

forests were pooled, the number of specimens in the 1st to 4th stage decreased 

significantly during the aquatic phase (stage 1 to 3: τ = -0.430, P = 0.008; stage 4:          

τ = -0.423, P = 0.009), while the number of subadults increased significantly (τ = 0.356, 

P = 0.028). Other correlations were not significant. The total number of individuals 

observed during the aquatic phase did not alter significantly. 

 

0%

10%

20%

50%

60%

70%

80%

90%

100%

on
 o

f s
ta

ge
s

30%

P

40%

ro
po

rti

jan feb m

3. stage 4. st

Figure 36. Phenolo
Mirím River during 
(Water level of the N

P = 0

in 2002: 339, and in 
 

Considering data

with time on M

τ = -0.607, 

Tarumã Mirím R

phase (τ = 0.713

all developmenta

with time (stage 

τ = -0.316, P = 

individuals obser

 92
 
    N:   59   130   90    26    34                                               11     6     42     41    33
0

5

10

20

25

30

35

w
at

er
 

in
 m

 a
bo

v 
N

N

15

le
ve

l 

ar apr may jun jul aug sep oct nov dec jan feb mar apr may jun jul aug sep oct nov dec

age 5. stage 6. stage subadult adult water level of Rio Negro study area flooded

gy of P. obliterata sampled in the blackwater inundation forest (Igapó) at Tarumã 
the aquatic phase in 2002 and 
egro River: average values be

 

2003.  
tween collection dates; total number of individuals (N) 

.004; stage 5: τ = -0.417, P = 0.047; stage 6: τ = -0.514, P = 0.015). At 

 significant. The total number of 

phases did not change significantly. 
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         2003 

2003: 133; Ntotal: 472). 

 for both years, the numbers of all juvenile stages declined significantly 

archantaria Island (stage 1 to 3: τ = -0.667, P = 0.002; stage 4:                

iver, the number of adults increased significantly during the aquatic 

, P = 0.002). If data were pooled for all inundation forest populations, 

l stages except for stage 6th, subadults and adults declined significantly 

1 to 3: τ = -0.456, P = 0.001; stage 4: τ = -0.465, P = 0.001; stage 5:     

0.027). Other correlations were not
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Figure 37. Phenology of P. obliterata sampled in the mixedwater inundation forest (Várzea & Igapó) at 
Lake Janauarí during the aquatic phase in 2002 and 2003.  
(Water level of the Negro River: average values between collection dates; total number of individuals (N) 

 2002: 287, and in 2003: 129; Ntotal: 416). 
 

To study the influence of the aquatic phase on the phenology of P. obliterata more 

tudes, i.e. exposed to flood periods of varying 

uration. Despite the relatively large variation in flood periods between these groups 

p to 40 days on Marchantaria Island; up to 60 days at Tarumã Mirím River; and up to 

general differences were observed in the 

the frequencies of immature stages at the onset of the 
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    2002 
 

    2003 

in

precisely, the progress of developmental stages was examined separately for groups of 

sample trees located at different alti

d

(u

100 days at Lake Janauarí; Chapter 3.2.1.3), no 

phenology of P. obliterata. While 

aquatic phase appear to increase with the elevation level of sample trees, the sample 

sizes per tree group and month are considered too small for evaluation. 

The occurrence of female and male individuals (immatures and adults) in all 

populations studied did not differ significantly in both 2002 and 2003 (Mann-Whitney 

U test). Consequently, the sex ratio in P. obliterata did not differ significantly between 

years and populations (including the upland population at CPPA/Embrapa; chi-square 

tests). Both median and variance homogeneity of sex ratio during the aquatic phase was 

observed for all populations (Kruskal-Wallis test). Average sex ratios (male to female) 

in 2002 and 2003 accounted for 0.8 and 0.8 on Marchantaria Island; 0.8 and 0.7 at 

Tarumã Mirím; and 0.6 and 0.7 at Lake Janauarí, respectively (Figs 38-40). 
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Figure 38. Sex ratio of P. obliterata sampled in the whitewater inundation forest (V
Marchantaria Island during the aquatic phase in 2002 and 2003.  
(N: number of individuals collected per month; Ntotal: 1361). 
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3.2.4.1.2 Banana Plantation 
The population from the upland banana plantation at CPPA/Embrapa s

plurivoltine life cycle. All developmental stages, i.e. first and advanced juven

and adults, were recorded throughout the observation period, e.g. parallel to th

phase in the inundation forests (Fig. 41).  

In 2002, correlations revealed a significant decrease in the total number of in

collected per month (Kendall’s τ = -0.800, P = 0.050). Other correlations

significant. Despite positive and negative trends, the occurrence of juvenile s

not significantly correlated with local monthly precipitation or insolation, re

(Fig. 41). 

The frequency of female and male specimens (immatures and adults) did 

significantly in 2002 and 2003 (Mann-Whitney U test). Consequently, sex

P. obliterata did not differ between years (chi-square tests) or months (m

variance homogeneity; Kruskal-Wallis test). Sex ratios (male to female) in 

2003 averaged 1.0 and 1.1, respectively (Fig. 42). 
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Figure 41. Phenology of P. obliterata sampled on the upland banana plantation at CPPA/Embrapa, 
monitored parallel to the aquatic phases in regional inundation forests in 2002 and 2003. (Number of 
individuals (N) in 2002: 1119, in 2003: 1166; Ntotal: 2285). 
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Figure 42. Sex ratio of P. obliterata sampled on the upland banana plantation at CPP
monitored parallel to the aquatic phases in regional inundation forests in 2002 and 2003. (N
individuals collected per month; Ntotal: 2108). 
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3.2.4.2 Reproduction (Mating, Eggs) 
3.2.4.2.1 Inundation Forests 
In the inundation forests, mating was only recorded sporadically at the end of the 

aquatic phase. On Marchantaria Island (MA), each two copulations were observed in 

late August (2002 and 2003) and late September (2003). At Tarumã Mirím River, no 

mating was noted, while at Lake Janauarí, three copulations, two in early and one in late 

August (2002), were recorded. No egg chambers or offspring were found on tree trunks. 

The proportion of females with eggs was higher by the end of the aquatic phase in 2003 

(Fig. 43). The rate of females with both mature and immature eggs increased 

significantly from August to September (mature eggs, χ2 = 26.65, df = 1, P < 0.000; 

immature eggs, χ2 = 29.26, df = 1, P < 0.000). The proportion of females without eggs 

was not significantly distinct comparing the two months. Nevertheless, females without 

eggs were observed only in August, whereas in September, close to the terrestrial phase, 

all dissected females carried eggs.  
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Figure 43. Proportion of females in P. obliterata with mature, immature and no eggs, collected in August 
and September 2003. Abbreviations: MA, Marchantaria Island; TM, Tarumã Mirím River; LJ, Lake 
Janauarí; and EB, CPPA Embrapa.  
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The average number of mature as well as immature eggs per female was also 

significantly higher towards the terrestrial phase (mature eggs, P < 0.050; immature 

eggs, P < 0.010; Kolmogorov-Smirnov test), with the quantity of mature eggs being 

higher than the number of immature eggs (Fig. 44). No significant difference was found 

for mature and immature eggs in monitored females from the different inundation 

forests (Kruskal-Wallis tests). When comparing MA and CPPA/Embrapa, significant 

differences in the number of mature eggs in September (P = 0.000) and in the quantity 

of immature eggs in both August (P = 0.005) and September (P = 0.012), were revealed. 

In August the number of immature eggs was higher in females from the plantation, 

while in September the number of both mature and immature eggs was higher in 

females from the inundation forest. 
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Fig. 44. Average number of matur

                    

august 
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e and immature eggs in females of P. obliterata collected in August 
and September 2003. Abbreviations: TF, Terra firme (upland plantation), IF, inundation forests. Number 
of females dissected: TF, Naug = 20, Nsep = 18; IF, Naug = 22, Nsep = 19.  
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3.2.4.2.2 Banana Plantation 
ation period, mating and continuous reproduction were recorded. The 

ales carrying eggs varied in Au and Sep  2003 ( 3). 

les yielded mature and/or immature eggs in August, the proportions of 

ature and without eggs were equally distributed in September. 

The number of mature eggs per female was not significantly distinct between both 

months, but the quantity of immature eggs per female was significantly lower              

(P < 0.025; Kolmogorov-Smirnov-Test) in September than in August (Fig. 44). 

  

3.2.5 Laboratory Experiments 
3.2.5.1 Flooding Experiment 
The migratory response of P. obliterata from seasonally flooded and upland areas to 

simulated successive flooding is shown in Figures 45 & 46. The two populations 

differed significantly in the maximum number of individuals per month on litter          

(χ2 = 34.89, df = 4, P < 0.000) and bark/container walls (χ2 = 213.69, df = 4, P < 0.000) 

in the course of the experiment. In both populations, millipedes only appeared on the 

litter surface after the irrigation treatment had started. For the inundation forest 

population from Marchantaria Island (MA), specimens on litter were relatively 

numerous in the beginning (n = 29, second month), with their numbers declining during 

the treatment (n = 3, fifth month; Fig. 45), due to the individuals taking refuge on 

bark/container walls. For the upland population from CPPA/Embrapa (EB), the numbe

st two months (n = 8, fifth month; Fig. 46). In 

oth populations, the number of individuals located on bark/container walls increased 

During the observ

proportion of fem gust tember Fig. 4

Whereas all fema

females with mature, imm

r 

of individuals on litter was initially lower (n = 19), decreased further in the following 

month (n =1), but rose again during the la

b

after flooding had been initiated. The respective quantity was approximately twice as 

high for MA (nmax: 108, second month; Fig. 45) than for EB (nmax: 38, second month; 

Fig. 46), with both numbers declining during treatment, particularly on container walls, 

due to mortality apparently caused by limited resources and either a low or an excessive 

(condensed water at container walls) relative humidity. In both populations, a 

significantly higher number of millipedes was located on bark/container walls than on 

litter (MA: χ2 = 200.22, df = 4, P < 0.000, EB: χ2 = 77.73, df = 4, P < 0.000).  
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Figure 45. Response of P. obliterata from Marchantaria Island (whitewater inundation forest) to rising 
waters: vertical migration in an experimental flooding system. The columns show the maximum numbers 
of adults and juvenile stages that came to the litter surface and climbed bark/container walls per month. 
The blue line indicates successive flooding (months 2 to 4), the black marks the water level at which the 
soil was completely flooded. Number of specimens at onset of experiment (month 0): six adults (3 ♂,      
3 ♀) and 26 juvenile stages. 
 

The relative migratory response to flooding of both adults and juveniles observed on 

litter as well as bark/container walls did not differ significantly between populations    

(Z < Z0.05(2) = 1.960). However, within both populations, the abundance of individuals 

on bark/container walls before and after flooding differed significantly for adults and 

juveniles (MA: Z = 12.224; EB: Z = 6.556; P < 0.050). Whereas the number of juveniles 

on bark/container walls increased from the first (control) to the second (treatment) 

month, the respective number of adults declined, apparently reflecting a general 

decrease in the number of adults due to natural death. Relative migration was 

significantly distinct for adults on bark/container walls and those on litter, since animals 

only appeared on the litter surface during treatment (MA: Z = 16.282; EB: Z = 6.661;   

P < 0.050). Differences are more pronounced for the MA population, as shown by 

higher Z values. In addition, a significant difference in the relative proportions of 

     

ter the irrigation treatment had started. 

juveniles climbing bark and container walls was only observed for MA (Z = 2.570;  

P < 0.050). Whereas juveniles of both populations also occurred on bark during control, 

they only appeared on container walls af
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However, the number of juveniles taking refuge was higher for bark than for container 

fallen and the surviving millipedes returned to the ground reproduction was resumed. 

walls (MA: 65/40, EB: 30/6 juveniles on bark/container walls, second month). Adults 

could not be found on container walls at any time, except for one individual of the MA 

population which was only found there on one occasion. Comparisons between the 

relative migration of adults and juveniles on litter as well as juveniles on litter and 

bark/container walls did not differ significantly within both populations. During control, 

sporadic mating and egg chambers on bark were recorded in both populations, but no 

such observations were made in the course of flooding. Only when the water level had 

month
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 in an experimental flooding system. The columns show the maximum numbers of 
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indicates succe e flooding (m s 2 to 4), the k marks the w evel at whic oil 
letely flooded mber of speci  onset of riment (mont : six adults (3 3 ♀) 
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eprodu on Experiment 
erata deriving from both the upland plantation (EB) and the whitewater 

on forest ( ) reproduced in all conducted treatments with two different 

ubstrates (i. arth and ba able 5). Egg chambers were first observed after 

five and six days in animals from the population EB and MA, respectively. Females 
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constructed egg chambers from all materials available, i.e. earth, plaster, bark and filter 

he linear mixed effect model showed significant effects of both treatment and habitat 

revealed between treatment and habitat substrate, i.e. in each population the response to 

different treatments did not vary s antly with  applied habitat substrate and vice 

parative effects of both habitat substrate and treatm

lations, app ches in whi he other va le was held

ed as follo  the popu n-specific ponse to d rent treatm s is 

 for treatm ts performe n earth, while the effect of different habitat 

es in the pop ations is exa ed referring to the control treatment. The oldest 

tal stage curring per nth was used to demonstrate the developm ntal 

ffspring from oth popula  kept under different treat rent 

substrates (Figs 47 & 48). r bars are  the ective figu  but 

e statistical parameters such as standard deviations between replicates (pairs) 

d in Tables 1  13. 

. Validation of cts and intera  terms (:) of  factors (trea t and habitat trate, 
 within popu n) in a linear d effects mo ependent var : oldest deve ental 
om factors: m  replicat r, both nested in population umerator (num  and 

tor (denDF) d es of freedom ell as F- an values are lis Bold number icate 
cts accepting a 5 % significance level. 

DF F F ue P

paper. The number of eggs per clutch (i.e. eggs in one chamber) ranged from five to 15 

eggs in the population MA and from five to eleven eggs in the population EB. However, 

many vulnerable immatures died, mainly during ecdysis, the most sensitive period of 

development. The maximum number of clutches observed per pair of P. obliterata was 

four in MA and eight in EB, resulting in a maximum number of 28 and 55 first stage 

juveniles, respectively. 

T

substrate on the development of resulting offspring during six months of observation 

(Table 11). Furthermore, the respective responses were significantly different for 

animals from the two populations (MA and EB). No significant interactions were 

ignific  the

versa. Hence, to simplify com ent in 

the popu roa ch t riab  at a control state were 

consider ws: latio res iffe ent

regarded en d o

substrat ul min

developmen  oc  mo e

rate of o  b tions ments and on diffe

habitat Erro omitted in  resp res,

descriptiv

are liste 2 &

Table 11  effe ction fixed tmen subs
both nested
stage; rand

latio
onth and

mixe
e pai

del (d
 with

iable
). N

lopm
DF)

denomina egre  as w d P- ted. s ind
significant effe

 num denD -val -value 

(Intercept) 1 1654 107.355 <0.000 

treatment 3 8 0
 9 0

:population 4 2 0
population 1 43 2 0

trate 3 3 1 0.

:substrate:popu n   3 0

143 6.21 .001 
substrate 1 143 4.42 .037 
treatment 143 5.94 .000 
substrate: 1 7.015 .009 
treatment:subs 14 0.47 703 

treatment latio 3 143 1.59 .196 
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Figure 47 tal rate (av lopmental stage per month) in ring from pairs 
of P. oblit archantaria PPA/Embrapa (EB) cultured arth (e) or bark 
(b). For des tistics see Tables 12 & 1
 

While all of the 80 pairs (replicates) kept on earth reproduced, only 7  out of 80 

pairs, tw , four from MA) o aintained on bark d  terms of 

continuo tion, the populatio rly surpassed the po MA in the 

length of d in which new juv curred (Table 14). W t on earth, 

newly hatched offspring from EB co bserved during the bservation 

imals from MA ceased to reproduce after the 3rd month at 

. Developmen
erata from M

erage of oldest deve
 Island (MA) and C

offsp
on e

criptive sta 3. 

.5 % (six

o from EB f those m id not. In

us reproduc n EB clea pulation 

 the perio eniles oc hen kep

uld be o  entire o

period (six months), while an

the latest. When kept on bark, pairs from EB only produced offspring up to the 4th 

month, whereas the habitat substrate had no influence on the reproductive behaviour of 

adults from MA. 

In both populations, the development of the resulting offspring was generally faster on 

earth than on bark (Fig. 47; Table 12 & 13). Furthermore, immatures from pairs of the 

inundation forest population MA developed faster than those of the upland population 

EB. The MA offspring in the control treatment on earth revealed the most rapid 

maturation, with the first individuals turning adult in the 3rd month of observation.  
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gure 48a-b. Developmental rate (average of oldest developmental stage per month) in offspring from 
irs of P. obliterata in four different treatments - control, no plaster, constant temperature (T), no food 
ab. 5) - cultured on earth (e). a. Marchantaria Island (MA). b. CPPA/Embrapa (EB). For descriptive 
tistics see Tables 12 & 13. 

hen kept on bark, all pairs reproduced, but the average development of immature 

ages was delayed for approximately 0.5 stages so that individuals first reached 

ulthood in the 5th month. Yet, the respective maturation and also the development rate 

ring the 3rd to 5th months were comparatively faster than in the upland population EB.  
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Table 12. Statistical parameters of the oldest developmental stage in offspring from pairs of P. obliterata 
from Marchantaria Island kept in five different treatments (Tab. 5). The number of replicate pairs (N) and 
mean, standard deviation (SD) and minimum (Xmin) and maximum values (Xmax) for the oldest 
developmental stage per month are given. Abbreviations: MA, Marchantaria Island; e, earth; b, bark; and 
T, temperature.  

 N Mean SD Xmin Xmax

MA control e
month 1 10 2.3 0.9 1.0 3.0 
month 2 10 4.2 0.6 3.0 5.0 
month 3 9 5.3 1.4 4.0 8.0 
month 4 5 6.4 0.5 6.0 8.0 
month 5 5 7.0 0.7 6.0 8.0 
month 6 3 7.7 0.6 7.0 8.0 

MA control b
month 1 10 1.8 0.8 1.0 3.0 
month 2 10 3.4 0.8 2.0 4.0 
month 3 10 5.0 0.7 4.0 6.0 
month 4 7 6.3 0.5 6.0 7.0 
month 5 6 6.5 1.4 5.0 8.0 
month 6 3 7.0 1.0 6.0 8.0 

MA no plaster e
month 1 10 1.6 0.7 1.0 3.0 
month 2 10 4.7 0.5 4.0 5.0 
month 3 10 5.8 0.9 4.0 7.0 
month 4 10 7.2 0.6 6.0 8.0 
month 5 5 7.4 0.5 7.0 8.0 
month 6 5 7.6 0.5 7.0 8.0 

MA constant T e
month 1 10 1.6 0.8 1.0 3.0 
month 2 10 2.8 1.0 1.0 5.0 
month 3 7 4.3 1.0 3.0 5.0 
month 4 1 7.0  7.0 7.0 

MA no food e
month 1 10 1.7 0.8 1.0 3.0 
month 2 10 2.9 1.4 0.0 5.0 
month 3 10 2.3 2.1 0.0 5.0 
month 4 10 2.0 2.6 0.0 6.0 
month 5 10 1.7 2.8 0.0 7.0 

onth 6 10 0.0 0.0 0.0 0.0 m
 

On either habitat substrate, the EB offspring took no less than six month to reach the 

dult stage. Relative to MA, the average development of juvenile stages from EB kept 

n earth slowed down by almost one stage from the 2nd up to the 5th month of 

bservation. When kept on bark, one replicate pair did not reproduce (compare 0 values 

a

o

o
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for Xmin in Table 13), and the average development of the offspring slowed down by 

approximately one developmental stage.  

 
Table 13. Statistical parameters of the oldest developmental stage in offspring from pairs of P. obliterata 

om CPPA/Embrapa kept in five fferent treatm (Tab. 5).  numbe cate pai d 
dard deviation (SD minimum a um valu ) for the oldest 
tal stage per month en. Abbre s: EB, CP /Embrap rth; b, bark; nd T, 

N Mean SD X

fr  di ents The r of repli rs (N) an
mean, stan
developmen

) and 
 are giv

 (Xmin) and m
viation

xim
PA

es (Xmax
a; e, ea

 
 a

temperature.  

 min Xmax

EB control e
month 1 10 2.4 0.8 1.0 3.0 
month 2 10 3.6 0.7 2.0 4.0 

EB control b

month 3 10 4.0 0.7 3.0 5.0 
month 4 10 5.5 0.7 4.0 6.0 
month 5 9 6.2 0.4 6.0 7.0 
month 6 9 7.6 0.5 7.0 8.0 

month 1 10 1.5 1.1 
9 2.2 1.3 0 4.

month 3 8 2.8 1.9 0.0 5.0 
7 4.6 2.2 0.0 6.
7 5.6 2.5 0
5 6.2 3.5 0

ter e

0.0 3.0 
month 2 .0 0 

month 4 0 
month 5 .0 7.0 
month 6 .0 8.0 

EB no plas
month 1 10 1.8 0.6 1

10 4.3 0.9 3.
10 5.5 1.1 4

onth 4 10 6.9 0.6 6.0 8.0 
onth 5 10 7.4 0.5 7.0 8.0 

month 6 10 7.9 0.3 7.0 8.0 

EB constant T e

.0 3.0 
month 2 

onth 3 
0 6.
.0 

0 
7.0 m

m
m

month 1 10 1.5 0.5 1.0 2.0 
month 2 10 2.9 1.1 0.0 4.0 
month 3 7 3.9 1.9 0.0 6.0 
month 4 1 0.0  0.0 0.0 

EB no food e
month 1 10 2.0 0.5 1.0 3.0 
month 2 10 3.6 0.5 3.0 4.0 
month 3 10 2.6 1.9 0.0 5.0 
month 4 9 2.0 2.4 0.0 5.0 
month 5 9 1.1 2.2 0.0 5.0 
month 6 9 0.8 2.3 0.0 7.0 
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Regarding the continuous reproduction on earth under different treatments, newly 

A occurred up to the 4th month in the 

‘no plaster’ treatment, i.e. one month longer than in the control (Table 14). The 

hantaria 

 T, t

hatched offspring in the inundation population M

‘constant T’ treatment had no effect on the reproductive output, while the breeding 

period was one month shorter in the ‘no food’ treatment. Pairs from the upland 

population EB reproduced during the whole observation period of six months in both 

control and ‘no plaster’ treatment. The relative effect of ‘constant T’ and ‘no food’ was 

more severe for EB than MA, since the breeding period for adults from EB was reduced 

to predominantly two months in both treatments. 

 
Table 14. Period in which new offspring was produced by P. obliterata from floodplains (Marc
Island) and uplands (CPPA/Embrapa) in eight different rearing treatments (Tab. 5). Data give the duration 
of hatching of first juvenile stages per treatment during six month observation period. Abbreviations: 
MA, Marchantaria Island; EB, CPPA/Embrapa; e, earth; b, bark; and emperature. 

Treatment Offspring       MA EB 

control e 3 months 6 months 
control b 3 months 4 months 

no plaster e 4 months 6 months 
no plaster b 3 months 5 months 

constant T e 3 months 2 months 
constant T b 2 months 3 months 

no food e 2 months 2 months 
no food b 2 months 2 months 

 

For the inundation forest population MA, the control and ‘no plaster’ treatments yielded 

the fastest development of offspring (Fig. 48a; Table 12). From the 2nd to the 5th month, 

juveniles were on average approximately 0.5 stages older in the ‘no plaster’ treatment 
rd

 former treatments. The oldest 

than in the control. The first adults, however, were observed in the 3  month of the 

control, but only in the 4th month of the ‘no plaster’ treatment. Not all of the hatched 

individuals reached maturity during the six months of observation. In the ‘constant T’ 

treatment, the average development in offspring was slowed down by more than one 

stage during the 2nd and 3rd months compared to both

immature stages encountered during the four months of observation were subadult. The 

effect of food deprivation on offspring development was even more severe, since all 

immatures died during the ‘no food’ treatment, with the oldest developmental stages 

being subadult in the 5th month. 
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In contrast, for the upland population, the fastest development in all months except the 

first one was observed in the ‘no plaster’ treatment (Fig. 48b; Table 13). The resulting 

offspring were on average more than one stage older than in the control, and the first 

individuals reached adulthood in the 4th month compared to the 6th month in the control. 

Not all of the hatched millipedes accomplished maturation during the six months of 

observation. In the ‘constant T’ treatment, the immatures of one replicate pair died 

iduals prior to the reproduction experiment differed 

vival of adults was most 

during the four months of observation (compare 0 values for Xmin in Table 13). On 

average, the development of offspring during the first three months slowed down 

compared to the ‘no plaster’ treatment, but was similar to that of the control. The oldest 

immature stages encountered during three months of observation reached the 6th 

developmental stage. In the ‘no food’ treatment, most immatures died, but those of one 

replicate survived until the 6th month and attained the subadult stage. 

The mortality rate of maturing indiv

significantly among populations, but neither between habitat substrates nor between the 

control and ‘constant T’ treatments (Fig. 49a; Table 15). Mortality was significantly 

higher for individuals from the population MA (on average: 34 %) than for EB (on 

average: 10 %).  

Mortality in adults during the reproduction experiment was significantly distinct, i.e. 

higher on bark compared to earth as well as in the treatments ‘no plaster’ and ‘no food’ 

compared to the control (Fig. 49b; Table 16). Both the population and ‘constant T’ 

treatment had no significant impact on the mortality of adults. As shown by the low odd 

ratios, the relative deleterious effect of the variables on the sur

pronounced for the ‘no food’ treatment, i.e. food deprivation (average mortality: 90 %), 

followed by the ‘no plaster’ treatment and finally the bark as habitat substrate. Both ‘no 

plaster’ treatment and bark substrate were only notably lethal in their combination 

(average mortality: 61 %), in creating markedly dry conditions. Due to the high 

mortality rate, more individuals had to be replaced in the ‘no plaster’ and ‘no food’ 

treatments, resulting in higher N values.  
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igure 49a-b. Mortality in P. obliterata from Marchantaria Island (MA) and CPPA/Embrapa (EB) in 

        
ur different treatments - control, no plaster, constant temperature (T), no food (Tab. 5) - cultured on 
rth and bark, respectively. a. Prior to reproduction experiment (6th juvenile stage and subadults).  
 Reproduction experiment (adults). Number of individuals per treatment as indicated by indices (Ncontrol-
no food): MA, on earth: Ncontrol = 20; Nno plaster = 22; Nconstant T = 20; Nno food = 36. MA, on bark: Ncontrol = 20; 
no plaster = 40; Nconstant T = 20; Nno food = 37. EB, on earth: Ncontrol = 20; Nno plaster = 21; Nconstant T = 20; Nno food  
38. EB, on bark: Ncontrol = 20; Nno plaster = 29; Nconstant T = 20; Nno food = 41. 
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Table 15. Effect of treatment, habitat substrate and population on the mortality of maturing individuals of 
P. obliterata kept prior to reproduction experiments. Impacts of variables were evaluated by a 
multinominal logistic regression, using control (treatment), earth (substrate) and EB (population) as a 
reference group. The effect coefficient (b), standard error (SE), degrees of freedom (df), significance (P) 
and odds ratio (exp (b)) are given. Abbreviations: EB, Embrapa; MA, Marchantaria; and T, temperature.  

 b SE df P-value exp (b) 

(Intercept) 2.012 0.459 1 0.000  

treatment (constant T) 0.734 0.412 1 0.075 2.083 

substrate (bark) -0.246 0.406 1 0.545 0.782 

population (MA) -1.558 0.447 1 0.000 0.211 
 

Table 16. Effect of treatment, habitat substrate and population on the mortality of adult P. obliterata 
reared in reproduction experiments. Impacts of variables were evaluated by a multinominal logistic 
regression, using control (treatment), earth (substrate) and EB (population) as a reference group. The 
effect coefficient (b), standard error (SE), degrees of freedom (df), significance (P) and odds ratio   
(exp (b)) are given. Abbreviations: EB, Embrapa; MA, Marchantaria; and T, temperature.  

 b SE df P-value exp (b) 

    

(Intercept) 3.487 0.519 1 0.000  

treatment  
(no plaster) 
(constant T) 
(no food) 

 
-2.186 
-0.326 
-5.158 

 
0.478 
0.575 
0.544 

 
1 
1 
1 

 
0.000 
0.570 
0.000 

 
0.112 
0.721 
0.006 

substrate (bark) -1.517 0.325 1 0.000 0.219 

population (MA) 0.030 0.285 1 0.916 1.030 
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3.3 Discussion 
3.3.1 Abundance in Different Biotopes 
Studies across a wide variety of organisms have demonstrated that widespread species 

also tend to be locally abundant (Brown 1984; Gaston 1996; Gaston 1996). Symonds & 

Johnson (2006) have further suggested that such positive range size-abundance 

relationships may rather apply to recently evolved or recently expanding species, the 

latter assumed to be the case in P. obliterata (Chapter 4.3.3). However, the correlation 

between range size and local population densities is not always purely linear. Some 

authors, e.g. Brown & Maurer (1987) and Gaston (1994), described cases, where 

species with wide distributions vary from being locally abundant to locally rare.  

Millipede communities have been stated earlier to differ between biotopes in the density 

of individual species (Bhakat 1989). Accordingly, I found the occurrence of                 

P. obliterata to vary among the studied Central Amazonian biotope types. These 

included two non-flooded upland (Terra firme) locations: the banana plantation at 

CPPA/Embrapa (EB), and the primary forest at ‘Reserva A. Ducke’ (RD); as well as 

s: Marchantaria Island (MA: whitewater, 

ckwater, i.e. Igapó), and Lake Janauarí (LJ: 

).  

 and was the dominant millipede species, 

       

or, local resources. 

three different seasonal inundation forest site

i.e. Várzea), Tarumã Mirím River (TM: bla

mixedwater, i.e. Várzea & Igapó

While P. obliterata occurred most frequently,

both on the plantation at EB and in the whitewater inundation forest on MA, it was less 

common at the studied black- and mixedwater inundation forest sites, where coexisting 

millipede species were more abundant (Tables 8 & 10). Furthermore, the species   

P. obliterata was not encountered in the primary forest at RD which only supported few 

foreign specimens (Chapter 3.1.1.4.2).  

As with other species, local variations in the relative abundance of P. obliterata can 

probably be accounted for by the species’ colonisation history, as well as by regional 

abiotic conditions and species interactions. The observed biotope-specific abundances 

are thus discussed here with respect to the species’ modes of distribution, and both the 

availability of, and the competition f

The species P. obliterata is believed to have originated from the Andean foreland 

forests in Peru (Golovatch & Sierwald 2001) and seems to represent an invasive form 

relatively new to the study area (Chapter 4.3.3). The dispersal capacity of a small 

millipede is naturally limited (Hopkin & Read 1992), however the species’ immigration 
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is most likely promoted by passive distribution along the rivers on the one hand, and, 

since specimens on plantations are believed to have arrived from imported palm seeds, 

introductions with plant material by man on the other hand (Chapters 4.3.1.1 & 

4.3.1.3.3). Therefore, in the Brazilian region of Central Amazonia, the millipede  

P. obliterata is more likely to colonise seasonally inundated forests along the rivers and 

anthropogenic plantations rather than upland forests that are more difficult to access.  

The downstream dispersal of migrants from source populations of P. obliterata in Peru 

is restricted to biotopes along the Solimões/Amazon River, i.e. mainly to Várzea and

        

 

     

o account for 

e inhabited mainly by pioneer fauna, i.e. opportunists and 

also mixedwater locations (Fig. 2). Since the inundation forest on MA is isolated from 

the mainland, its invasion by non-flying, terrestrial invertebrates is restricted to 

introductions via waterways. This evidently accounts for the local dominance of the 

thus dispersed P. obliterata, and also for the presence of its less common congener   

P. insularis (Bergholz et al. 2005).  

Sediment analyses at the northern banks of the Negro River upstream of Manaus (i.e. 

the confluence of the two rivers; Fig. 2) indicate an occasional inflow of waters from the 

Solimões River (Furch 1999; Irion, pers. commun.), and this is believed t

the occurrence of P. obliterata at the studied Igapó sites at the lower Negro River 

(Chapter 4.3.1.3.3). Gene flow from the source populations in Peru is nevertheless 

mostly confined to subpopulations along the Solimões/Amazon River, with the 

subpopulations in blackwater forests upstream of Manaus, such as at TM, receiving less 

replenishment. Therefore, the Igapó sites are expected to harbour comparatively lower 

population densities of P. obliterata than the Várzea locations. 

Hence, with respect to colonisation history, as well as current introductions, both the 

Várzea habitats and the plantation sites are expected to comprise higher frequencies of 

P. obliterata. These results furthermore correspond to the theory that Várzea floodplains 

adjacent to rivers, which are characterised by permanent relocation of sediments (Sioli 

1984a), are supposed to b

generalists with great mobility (Adis 1997) like P. obliterata (Chapter 4.3.1.4). 

However, in addition to the above described introductions via waterways, former 

secondary immigrations of terrestrial invertebrates from Terra firme into adjacent 

seasonally flooded biotopes are postulated for Igapó areas (Adis 1997). Most likely, 

such invasions have also occurred in Várzea or mixedwater locations that are connected 

to upland areas. As a result, these locations were probably previously inhabited by other 

small millipedes (Chapters 3.2.2.2 & 3.2.3.1.1) such as Cutervodesmus adisi, the 
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dominant species at the studied Igapó site at TM (Adis et al. 1996a), and Docodesmus 

amazonicus, the most abundant species in the mixedwater forest at LJ (pers. obs.). The 

presence of these species might have negatively influenced the local establishment of  

P. obliterata individuals that were subsequently washed ashore. As described for other 

millipede species in biotopes of the seasonal tropics, where the diversity of available 

food resources is low, the first species to colonise is likely to leave only limited 

resources for additional species (Dangerfield & Telford 1992), thus complicating the 

settlement of successive ones. As a consequence, abundances of P. obliterata are 

expected to be lower in areas occupied by coexisting species which possibly compete 

for the same resources.  

In the agricultural systems at EB, P. obliterata is also not the only resident Diplopoda 

species. At least six other allochthonous millipedes have been recorded in the domain, 

apparently all of them introduced by man (Höfer et al. 2001; Bergholz et al. 2004). 

However, on the studied plantation site, P. obliterata outnumbered the only co-

occurring small millipede species, Myrmecodesmus hastatus, by far (Table 10). 

As stated above, competitive effects become most apparent in biotopes with restricted 

resources. While the plantation at EB is fertilised (Chapter 3.1.1.4.1), and the Várzea is 

rich in bioelements (e.g. calcium and phosphorous) due to sediment load carried by the 

whitewater river, the soils of both Igapó and Terra firme are comparatively poor in 

lackwater location, whereas repeated 

nutrients (Furch 1997; Vohland et al. 2003). The conditions in the nutrient-rich 

plantation and Várzea sites (Parolin et al. 1998) are more favourable for plant growth 

and probably also for decomposers such as P. obliterata, particularly since Neotropical 

millipedes are assumed to have originated from the bioelement-rich Andean region 

(Vohland et al. 2003).  

Besides lower immigration rates via waterways, enhanced competition with established 

millipede species for the locally restricted resources could contribute to the lower 

population densities of P. obliterata at the studied Igapó and mixedwater sites. This 

seems to be reflected by the fact that the congener P. insularis, which is believed to 

share both origin and dispersal by the Solimões/Amazon River with P. obliterata (Kraus 

1960; Golovatch & Sierwald 2001; Bergholz et al. 2005), is absent from the studied 

Igapó at TM. Since P. insularis is generally low in abundance, it is apparently a poor 

competitor and has not succeeded to colonise the b

introductions by the river may help to sustain the small local populations at the Várzea 

and mixedwater sites. A superior competitor and coloniser, P. obliterata also invaded 
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the blackwater location although it shows the highest population density on MA. Here, 

in addition to the constant population replenishment by migrants from the area of origin 

in Peru, conditions are favourable due to higher resources on the one hand, and very low 

numbers of co-existing foreign millipede specimens on the other hand. 

The P. obliterata population on the nutrient-rich plantation at EB apparently also 

benefited from low competition and high-quality food. Such optimal local conditions 

could explain why the millipede P. obliterata evidently refuses to invade and colonise 

neighbouring, bioelement-poor upland forests in substantial densities. Five other 

anthropogenically introduced millipede species were also especially numerous outside 

the primary forest, i.e. in agricultural systems (Höfer et al. 2001). At first this seems 

contradictory to the observation that both air and soil temperatures are higher at these 

sites than in the nearby primary and secondary forest, where a well-developed canopy 

protects macrofauna from high temperature variation and drought stress (Martius et al. 

2004). Despite the less favourable climatic conditions, Diplopoda, and in particular the 

pyrgodesmids, nevertheless dominated the decomposer guild (7 to 9 % of all 

arthropods) on local plantations (Höfer et al. 2001). However, tropical forest floors are 

generally characterised by scarcity of humus (Prinzing & Woas 2003), while high-

quality litter is often decomposed very rapidly, with the available litter for detrivores 

  

      

often containing phenols and tannins (Dangerfield 1993). Litter with high 

concentrations of these compounds is not easily digested by detrivores. A predominance 

of polydesmids on fields compared to forests was also observed in a long-term study of 

European millipede communities (Tajovsky 1993). Tajovsky (1993) suggested that 

polydesmids may be better r-strategists than other millipede colonisers, and that food 

resources belong to the factors determining the distribution of millipedes. Such an 

influence of food quality on local abundance has already been observed for the Central 

Amazonian Pycnotropis species which inhabit both the Várzea (P. tida) and non-

flooded areas (P. sigma) (Vohland et al. 2003). According to Vohland et al. (2003),   

P. sigma was abundant on a manured plantation, whereas its population densities in the 

surrounding upland forests were so low that hardly any specimens were found. This 

corresponds to the observed local abundances of P. obliterata on the plantation at EB 

and in the primary forest at RD.  

The importance of food quality would also explain why P. obliterata abandoned the 

palm plantation that it inhabited before (Adis et al. 2001), in favour of the banana 

plantation. The latter plantation type also attracts other tropical polydesmids, e.g.  
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M. hastatus (Bergholz et al. 2004) and Cylindrodesmus hirsutus (Bergholz 2006). 

Ashwini & Sridhar (2005) showed that among five diets assessed, the tropical millipede 

Arthrosphaera magna revealed a secondary preference for the consumption of banana 

litter. The same favouritism may apply to P. obliterata, and could be due to the high 

water content of the plants (Chapter 3.2.1.4), since the acceptance of decomposing 

material by millipedes correlates with moisture (Sakwa 1974).While the animals did not 

accept fresh plant material, moist pseudo-stems in an advanced state of decay were, in 

part, densely colonised by P. obliterata (Chapter 3.2.3.2). Such stems probably support 

the growth of fungal mycelia and algae that, according to Hassal et al. (1986), become 

more palatable or easier to digest for arthropods when moistened. The moisture may 

also activate microbiota that act to release available food substances from complexes 

and increase the palatability of the banana litter (Sakwa 1974). Hence, the decomposing 

ovements. The main evolutionary 

pseudo-stems then provide access both to food, and to sufficient moisture for the 

animals. The influence of these two factors in the selection of favourable tree stumps 

has already been reported for a European millipede, Proteroilius fuscus (Peitsalmi 

1981). 

 

3.3.2 Life History Traits 
3.3.2.1 Seasonal Vertical Migration 
Terrestrial invertebrates in Central Amazonian inundation forests are divided into two 

groups; (1) terricolous, i.e. ground-dwelling, and (2) arboricolous, i.e. tree-living 

animals (Adis 1992b). Both groups include ‘migrants’ and enduring ‘non-migrants’. 

The latter complete their life cycles in only one habitat and are either active underwater 

or remain dormant during flooding. In contrast, the migrants change habitats during 

their life cycles to escape the seasonal inundation, although they reproduce primarily in 

one habitat (Adis 1997). According to Adis (1997), three modes of temporary migration 

are distinguished among the terricolous migrants; firstly, horizontal migration following 

the water line; secondly, vertical migration to trunk or canopy; and thirdly, flight to 

non-inundated upland areas. 

It is not surprising that among the non-flying, resident terrestrial arthropods, particularly 

millipedes tend to escape rather than trying to outlast inundation. Millipedes are well-

known for their ‘wandering tendency’ (Cloudsley-Thompson 1949), and are thus likely 

to adapt to severe conditions by means of migratory m
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advantage of migration should involve enabling a species to colonise changing or 

eory of optimal habitat selection 

predicts that individuals will move among habitats to maximise their fitness (Holt 

 & Adis 1988). Due 

 both seasonally inundated (MA; Fig. 

temporary habitats (Southwood 1962). Since the th

1985), migration tendency is maximal in the most impermanent biotopes (Southwood 

1962) such as Central Amazonian floodplains. Due to their limited dispersal rate 

(Hopkin & Read 1992), the small and slow millipedes naturally rather climb nearby 

trees, i.e. perform vertical migrations, than move horizontally like other resident 

invertebrates that migrate to adjacent upper, non-flooded forest areas (cf. Irmler 1979).  

Concordantly, seasonal vertical migration, with an arboreal mode of life exclusive to the 

aquatic phase, has been reported for most resident millipedes, i.e. Cutervodesmus adisi 

(Adis et al. 1996a), Pycnotropis tida (Vohland & Adis 1999), Mestosoma hylaeicum 

(Adis 1992a), Prostemmiulus adisi (Mauriès 1984), as well as Poratia insularis and 

Docodesmus amazonicus (pers. obs.). The same has been assumed for P. obliterata 

since the species was found on tree trunks during flooding (Messner

to its small body and paraterga as well as relatively strong legs, P. obliterata appears to 

be a good climber, as has been suggested for C. adisi (Adis et al. 1996a).  

Alternative, non-migratory survival strategies have, so far, only been shown for two 

millipede species. One of them is the strictly arboricole Epinannolene arborea (Adis 

1984) that permanently inhabits tree trunk and canopy regions. However, my field 

observations confirmed that such a permanent arboreal mode of life does not apply to   

P. obliterata; as soon as the water retreated from the forest floor, the species returned to 

the ground (Chapter 3.2.3.1.1). Before and after flooding, i.e. during the terrestrial 

phase, the millipedes dwelled in the moist forest litter and topsoil, and occasionally also 

inhabited fallen dead wood. They were, however, never observed to climb, or reside on, 

living trees. Similarly, animals on the non-flooded plantation site ascended neither 

banana plants nor sporadic trees, but dwelled in the moist pseudo-trunks lying on the 

ground (Chapter 3.2.3.2).  

The same terricolous behaviour was observed for specimens kept in the laboratory 

(Chapter 3.2.5.1). Before experimental flooding, the millipedes, from both seasonally 

inundated and upland sites, treated bark pieces as dead wood. Only a few individuals, in 

particular those from the inundation forest population, colonised the bark. However, 

when their artificial habitat was successively flooded, the soil-dwelling individuals of 

both populations escaped to upright areas. Thus, the ability for vertical migration to 

avoid drowning is present in P. obliterata from
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45), and non-flooded plantation sites (EB; Fig. 46). In the field I also observed that 

specimens of both biotope types responded to dry conditions by retreating to moister 

microhabitats (Chapter 3.3.2.2.1). Hence, in all biotopes, the species P. obliterata reacts 

to acute excessive or insufficient water saturation in its surroundings. This suggests that 

the species might be polymorphic with respect to migratory movements as defined by 

Southwood (1962). Field and experimental observations further supported this theory by 

showing all developmental stages of P. obliterata to exhibit trunk ascent (Chapters 

3.2.3.1.1 & 3.2.5.1), whereas in most other resident terrestrial arthropod species only 

definite life stages accomplish the seasonal vertical migration (Adis 1981, 1992b). 

However, during the aquatic phase the advanced stages (juveniles of the 6th stage and 

subadults; Chapter 3.3.2.3.1) definitely outnumber other stages and can thus be referred 

to as preferential migratory stages of P. obliterata. Although the two different 

populations showed a similar response to rising waters in the flooding experiment, the 

number of specimens responding was twice as large for the inundation forest population 

than for the upland plantation one (Figs 45 & 46). Since pre-treatment reproductive 

outputs are assumed to be higher for the upland population (cf. Chapter 3.3.2.3.3), his 

suggests a higher migration readiness for P. obliterata from seasonally flooded 

locations. The local specimens have probably evolved a predisposition for such evasive 

movements, i.e. an ethological adaptation to the annually flooded biotopes. 

Besides the above-mentioned arboricole E. arborea, the single other non-migratory 

millipede species in the region is Myrmecodesmus adisi (Messner & Adis 1988).   

M. adisi is the only native millipede that shows a submersion resistance for up to eleven 

months, accomplished by means of plastron respiration (Adis & Messner 1997). This 

adaptation is confined to its semi-aquatic advanced immature stages, which pass 

inundation under loose bark on submerged tree trunks. In fact, P. obliterata and some 

other polydesmids (e.g. P. tida and M. hylaeicum) show submersion tolerances that 

range from a few hours or days up to several weeks (Adis & Messner 1997).  

P. obliterata individuals of seasonally flooded forests are capable of surviving 

submersion for up to 68 hours and are thus more tolerant to inundation than specimens 

from non-flooded sites (Wilck 2000). Still, due to an incomplete or absent plastron, 

long-term inundation is fatal to all local millipedes except M. adisi and thus the litter-

dwelling animals must evade flooding to survive. 

For the migrants in the resident terrestrial arthropod fauna, migration is facultative and 

mainly triggered off by some factor that heralds the advance of inundation (Southwood 

t
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1962; Adis et al. 1997). Whereas the flood pulse is the original cause for up- and 

downward movements, it remains the primary control mechanism only among certain 

species (Adis 1992b). Most invertebrates, like the millipede C. adisi, have become 

sensitive to secondary, mainly abiotic factors (Adis et al. 1996a). Their migration is 

now triggered predominantly by the rainy season (December to May), beginning three 

to four months before flooding, and the resulting changes in edaphic and climatic 

factors, e.g. increasing wetness of the soil, the relative air humidity, and decreasing 

    

        

d the thus low-water discharge of the Amazon River, both rainy 

(Figs 17 & 18) and the precipitation pattern was different (Fig. 16b) compared to the 

differences between the maximum and minimum temperature near the forest floor (Adis 

1997). In C. adisi, trunk ascent thus begins several weeks before the forest inundation 

(Adis et al. 1996a). In contrast, I found that, in the inundation forests, seasonal 

migrations of P. obliterata occur in direct response to the advancing or receding waters 

(Chapter 3.2.3.1.1). As with specimens in the laboratory experiment (Chapter 3.2.5.1), 

P. obliterata escape flooding only shortly before the actual inundation of their habitat, 

just like the local Opiliones, Isopoda and some species of Aranae do, whose trunk 

ascents are not correlated with climatic factors (Adis 1997). Given that the species   

P. obliterata is still relatively new to the area (Chapter 4.3.3), it has possibly not yet had 

sufficient time to evolve an additional sensitivity to preceding climatic changes, and 

thus still responds primarily to the advancing waters.  

Vertical migrations of the local arthropods are also influenced by macroclimatic   

El Niño-Southern Oscillation (ENSO) events (Adis & Latif 1996). According to Adis 

and Latif (1996), in years without El Niño, trunk ascents of most invertebrates were 

mainly correlated with changes in the local climatic conditions. In a strong El Niño 

year, however, they found no such correlations. Instead, due to the lower precipitation 

in Central Amazonia an

season and forest flooding were delayed and the lagged trunk ascent of all arthropods 

was related to the onset of inundation (Adis & Latif 1996). This shows flexibility in the 

species now primary responding to secondary factors since, in the absence of such 

preceding stimuli, the animals subsequently responded to the original factor, i.e. forest 

flooding. However, the animals appeared to suffer a decrease in population densities 

due to the extreme abiotic situation (e.g. relative dryness), and this was only recovered 

in the following years (Adis & Latif 1996). Such population fluctuations, due to 

macroclimatic changes, also seem to occur in P. obliterata. The year 2003 was 

characterised by a moderate El Niño, i.e. forest flooding was delayed for one month 
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previous, more normal year 2002. As a consequence, fewer individuals were 

encountered on tree trunks in 2003 than in 2002, particularly in the black- and 

          

jority of individuals were always encountered on            

mooth container walls (Chapter 3.2.5.1). This behaviour was 

     

general phenomenon in the resident millipedes. 

mixedwater inundation forests, where the species is less common (Table 8). In   

P. obliterata, the respective lower densities can probably be ascribed to a modified age 

structure and thus mortality in the local populations (Chapter 3.2.2.3.1). Due to delayed 

trunk ascent, the previous reproductive phase has apparently been extended, resulting in 

a larger fraction of juveniles that are even more dependent on moisture and thus 

susceptible to desiccation. In contrast, the upland population from the banana plantation 

seemed unaffected by the more extreme, drier climate, probably due to still sufficient 

humidity within the rotten plant material. Here, the total number of individuals 

encountered during observations differed only slightly between 2002 and 2003 (Table 

10). 

Despite the high overall tree diversity (Ferreira et al. 2005), P. obliterata were only 

found on a total of ten different tree species (and sporadically on trees which could not 

be specifically identified). Even among this limited range, P. obliterata showed a clear 

preference for one tree species, namely Macrolobium acaciifolium (Chapter 3.2.3.1.1). 

Although the millipedes colonised at least four tree species at each of the three different 

inundation forest sites, the ma

M. acaciifolium. This favouritism may be attributed to the species’ requirements with 

respect to bark microhabitats (Chapter 3.3.2.2.1). The trees of choice were those that 

generally consisted of coarse and loose-fitting bark. As the bark of many tropical forest 

species is very smooth (Vareschi 1980), providing few crevices and shelter, this could 

be one of the reasons why I found P. obliterata on only a relatively small number of 

tree species. To some extent, such a qualitative selection of the temporary refuge 

became apparent in my flooding experiment, where the animals preferred to climb 

rough bark rather than s

conspicuous in experienced adults (collected from tree trunks beforehand) that 

completely avoided container walls and chose only the more adequate bark substrates to 

pass the experimental inundation. Tree preferences have not yet been reported for other 

local millipede migrants, but it has been suggested that C. adisi might also avoid tree 

trunks with smooth bark (Adis et al. 1996a). Since the respective requirements for  

C. adisi and P. obliterata are similar, the observed preference for trees with rather 

coarse and loose-fitting bark is most likely not a species-specific attribute but rather a 
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3.3.2.2 Microhabitat Selection and Social Behaviour 
3.3.2.2.1 Choice of Adequate Microhabitats 

Pycnotropis tida 

ay represent a considerable fraction of the local diet, 

ing on tree trunks were found to feed 

rk (Mahsberg 1996). 

           

ce at moderate ant 

Earlier studies showed that usually field millipedes are quiescent in the daytime and 

active during night hours (Peitsalmi 1981; Hopkin & Read 1992; Vohland & Adis 1999; 

Hamazaki 1996). This corresponds to my observation that, along with other Diplopoda 

residing on tree trunks (e.g. Poratia insularis, Cutervodesmus adisi and Docodesmus 

amazonicus) P. obliterata seem to rest during the day throughout the aquatic phase in 

seasonally inundated forests. Being nocturnal, the millipedes most likely disperse at 

night to forage for soft, soaked plant or bark material that is probably more palatable 

due to its moisture content (Chapter 3.3.1), as observed for the resident 

(Vohland & Adis 1999). Algae m

given that some other tropical millipedes liv

exclusively on the algae growing on ba

During the day the heliophobe species P. obliterata seeks refuge under loose bark, 

apparently to protect itself from both insolation, and predatory arthropods (e.g. 

Chilopoda and Aranae) which also temporarily colonise the non-inundated trunk region 

(Chapter 3.2.3.1.1). Such a self-concealing behaviour has likewise been reported for 

other resident millipedes, including C. adisi (Adis et al. 1996a), Myrmecodesmus adisi 

(Adis & Messner 1997), Epinannolene arborea (Adis 1984) as well as P. insularis and 

D. amazonicus (pers. obs.). Due to its inconspicuous coloration and small size,  

P. obliterata are generally well-disguised. When their bark cover was removed during 

sampling the millipedes tended to either adhere motionless to the surface, or rapidly 

escape under adjacent bark pieces. It is likely that they show a similar reaction in the 

presence of predators. Most of the resident predatory arthropods are comparatively 

large, and hence lingered under bark pieces providing more space than those frequented 

by P. obliterata. The only predators able to invade its bark shelters appear to be small 

ants. Given that individuals of P. obliterata were occasionally found unharmed in the 

company of ant specimens, there may however be no interferen

densities and if easier prey is available. Like other millipedes (Hopkin & Read 1992), 

advanced developmental stages of P. obliterata feature a solid, calcified tegument and, 

when irritated, the animals secrete repelling liquid, i.e. hydrocyanic acid, from their 

defensive glands (Schubart 1955; Hoffman et al. 2002). Therefore, hidden specimens 

appear to be relatively safe from predation.  
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As stated above, the bark shelters also protect the millipedes from direct insolation and 

thus minimise the risk of desiccation. Even if air humidity in a tropical forest remains 

above 85 % (Walter & Breckle 1991), this is already rather dry for many 

microarthropods which ‘measure’ air humidity in terms of saturation deficit 

(Stoutjesdijk & Barkmann 1992). A saturation deficit at 85 % relative humidity in a 

rainforest at 35 °C exceeds the saturation deficit at 65 % air humidity in a temperate 

forest at 20 °C (Häckel 1993). Contrary to the general impression that microclimates 

below a rainforest canopy are moist and constant (Beck et al. 1997), the air at the bark 

surface of trees can be relatively dry due to temporary high saturation deficits (cf. 

Prinzing & Woas 2003). Given that the air in the litter layer of a tropical forest is 

usually saturated with water vapour (Vannier 1970), local arthropods which seasonally 

leave the forest litter to climb trees are forced to cope with constraints due to relative 

dryness during this time. Considering the pronounced requirement for humidity in 

millipedes (Hopkin & Read 1992), the millipede P. obliterata is particularly affected. 

                

 dried up (Chapter 3.2.3.2). 

ve the water line they would suffer desiccation. Similar preferences 

for microhabitats close to water were reported for other millipedes on local tree trunks. 

Whereas moisture is of no concern for the specimens dwelling in humid plant debris on 

the plantation (relative humidity: 87 ± 5 %; Chapter 3.2.1.4), conditions for  

P. obliterata are severe during the aquatic phase in the inundation forests, where the 

relative humidity of the habitat substrate is well below 50 % (Fig. 19). Many 

invertebrate species have been stated to avoid desiccation by seeking appropriate 

microhabitats (Warburg et al. 1984; Somme 1994). I found that, even on the plantation, 

the movement of P. obliterata was governed by humidity since specimens resettled 

nearby in more humid plant debris when the inhabited site

Accordingly, given that moisture declined significantly with increased height above the 

water line irrespective of direct solar radiation or shadow (Fig. 19, Table 6), the 

specimens temporarily residing on tree trunks generally selected the more humid bark 

microhabitats near the water (Figs 20-22). Most groups of P. obliterata, including the 

largest ones, were found at distances of approximately 10 to 20 cm from the water line, 

while only a few, mostly single individuals were observed at further distances (up to 

150 cm). P. obliterata was neither detected in the upper trunk region nor in epiphytes  

(2 to 7 m above the ground) with the exception of one male at the Igapó site. The patchy 

dispersal of individuals close to water results from the extreme abiotic conditions in the 

trunk region. Below the water line the animals would drown (Adis & Messner 1997), 

whereas too far abo
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Individuals of Pycnotropis tida linger near the water line (Vohland & Adis 1999), and 

some adults of Mestosoma hylaeicum spend the aquatic phase inside freshwater sponges 

above water (Adis 1992a). Even the arboricole E. arborea has been shown to leave the 

upper trunk and canopy region when forced down by insolation/drought (Adis 1984). 

This emphasises the relative importance of the microhabitat for an organism, compared 

to the macrohabitat/biotope as a whole, particularly in the structurally diverse 

Amazonian forests as suggested by Amedegnato (2003).  

In 2002, the relative position of sampled P. obliterata was significantly distinct among 

      

LJ: 20 cm) and particularly Tarumã Mirím 

 air humidity), the animals on MA were forced to 

tion data used for the 

the three different inundation forests (Table 7). The shortest average distance to the 

water line was observed for groups of P. obliterata on Marchantaria Island (MA:   

13 cm), whereas those at Lake Janauarí (

River (TM: 34 cm) were located at higher mean altitudes. These observations can 

probably be attributed to spatial variability of precipitation. Evidence for this can be 

found in the rainfall data for Manaus registered between 1910 and 1979 that revealed 

considerable differences in the local precipitation patterns (Ribeiro & Adis 1984). 

Ribeiro and Adis (1984) recorded notably less annual rainfall for the whitewater region 

(i.e. MA: 1150 mm), whereas precipitation was high in the blackwater location (i.e. 

TM: 2157 mm). The mixedwater inundation forest at LJ may receive intermediate 

quantities of rainfall. In addition, the tree canopy of Várzea woodland (on MA) is 

comparatively open compared to the almost complete crown cover of the Igapó (at TM) 

(cf. Adis 2002), resulting in higher insolation and therefore a more extreme local forest 

climate at MA (Adis, pers. commun.). Due to the lower precipitation locally, as well as 

higher insolation (thus likely lower

dwell closer to water.  

Surprisingly, the correlation between the species’ relative height above the water line 

and the monthly precipitation (as measured at CEASA harbour near the confluence of 

the rivers Solimões and Negro; Chapter 3.2.1.1) was significantly negative on MA and 

absent at LJ (Table 9). These results suggest that, in these locations, the absolute 

amount of rainfall during the aquatic phase had more influence than the distribution 

pattern. The reason for this might have been that the precipita

correlations were rather imprecise locations, and both the local intensity, and frequency 

of rain events might have differed considerably on MA (Ribeiro & Adis 1984) as well 

as the nearby LJ (Fig. 2). In contrast, the rainfall pattern used evidently fitted better for 
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TM, where a significant positive correlation was observed among the relative position 

of specimens and the monthly precipitation (Table 9).  

Choice of frequented bark microhabitats by P. obliterata was also influenced by 

  

edes. In 2003 I found 

macroclimatic events. The year 2003 was characterised by a moderate El Niño that 

resulted in a somewhat lower and also differently distributed monthly precipitation in 

comparison with the previous year (Fig. 16b). Most likely, the considerably lower 

rainfall between April and July 2003 resulted in even harsher humidity conditions for  

P. obliterata. The specimens on MA, and particularly at TM, responded to the reduced 

relative humidity by retreating significantly closer to the water line (MA: 9 cm, TM:   

12 cm; Table 7). In contrast, the individuals at LJ did not change their relative position 

in 2003 (LJ: 21 cm; Table 7), but remained at the same average distance from water as 

in 2002. However, this is most likely due to the low local abundance of P. obliterata at 

LJ (Chapter 3.3.1) that may not have allowed for the species to successfully compete for 

favourable microhabitats with more frequently co-occurring millip

no significant correlation between the relative position of P. obliterata and monthly 

fluctuations of rainfall in any of the inundation forest locations (Table 9). As stated 

above, this is most likely due to the fact that the data used for correlations may not 

reflect actual local rain patterns. 

My results show that, in seasonally inundated forests, individuals of P. obliterata on 

tree trunks counteract reductions in the relative humidity by adjusting their distance 

closer to the water line. Although there are still only a few observations on the reaction 

of millipedes in a vertical humidity gradient (cf. Cloudsley-Thompson 1951), Peitsalmi 

(1974) reported similar changes in the vertical position of aggregated millipedes in 

response to humidity. Accordingly, the reaction to moisture observed for P. obliterata 

might also apply to other local millipedes that take refuge on trees close to the water 

line during inundation.  

Interestingly, the species’ height above the water line somewhat increased during the 

residence time on tree trunks (Figs 28a-b, 31a & 34a-b), as indicated by significant 

positive correlations between the residence time and relative position of P. obliterata at 

all sites in 2002, and on MA and at LJ in 2003 (Table 9). A possible explanation for this 

phenomenon might be the age structure of the respective populations. Due to the lack of 

offspring during the aquatic phase, the average age of specimens increased over this 

period (Chapter 3.3.2.3.1). Older stages are less vulnerable to desiccation than younger 
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ones (Chapter 3.3.2.3.2) and this may allow them to dwell in higher reaches from the 

water line. 

I also observed variations in the relative position of aggregated P. obliterata among 

different tree trunks (Chapter 3.2.3.1.2). This was probably due to the characteristics of 

individual trees. On MA, for instance, significantly higher distances for individuals on 

trees 14 and 15 (Fig. 23b) may be attributed to the tree species. Both trees belong to 

Vitex cymosa (Table 1) whose bark is bast-like, very readily absorptive, and thus 

moistened providing a sufficiently humid microclimate also in higher reaches compared 

 other tree species. Similarly, both trees 8 and 10 at LJ were dead wood (Table 3) and 

wing the millipedes to linger at significantly larger 

oist plant debris on the plantation showed no 

y to 

to

thus comparatively more humid, allo

distances from the water line (Fig. 25b). 

 

3.3.2.2.2 Gregarious Behaviour 
Even the most humid, and preferred, locations on tree trunks in the seasonally flooded 

forests are comparatively dry (relative moisture of the habitat substrate: 35 ± 5 %; 

Chapter 3.2.1.4) for millipedes. While the resident individuals of P. obliterata seem to 

be more tolerant to these dry conditions than those from the upland location (at least in 

terms of developmental biology; Chapter 3.3.2.3.4), they still have to cope with low 

humidity. Interestingly, I found the local specimens to be aggregated during the day 

(Chapter 3.2.3.1.2), whereas those in the m

such gregarious behaviour (Chapter 3.2.3.2). Furthermore, during the terrestrial phase, 

the animals in the inundation forests also featured a non-aggregative mode of life, i.e. 

when dwelling in such an adequately moistened habitat substrate as humid dead wood 

(pers. obs.). Seasonal aggregation is a common phenomenon, particularly in diapausing 

tropical insects (Denlinger 1986), and is known from other Diplopoda retreating to 

‘shelter’ sites i.e. sites with the most equalised microclimate (Vajda & Hornung 1991). 

In P. obliterata such aggregated distributions during the time spent on trees is likel

represent an additional behavioural response to avoid desiccation.  

Aggregation patterns in animals are long since known to influence survival (Allee 

1926), for instance by reducing the mortality of individuals that is caused by 

dehydration (Tadeka 1984). Here, aggregation can contribute to water conservation by 

limiting body evaporation as shown for isopods (Tadeka 1984), tropical beetles (Yoder 

et al. 1992), cockroaches (Yoder & Grojean 1997) and moths (Klok & Chown 1999). 
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The reason for this is that the rate of water loss in an organism is generally dependent 

on its size. Small animals, such as P. obliterata, show a large body surface-to-volume 

ratio, i.e. a relatively large body surface area over which water is lost by diffusion 

(Schmidt-Nielsen 1984). Consequently, a correlation between resistance to desiccation 

and body size has been demonstrated both in centipedes (Auerbach 1951) and 

millipedes (Crawford et al. 1986). The cuticle of most millipedes is permeable to water 

(Edney 1977), so diffusion through their exoskeleton is more rapid than in many other 

arthropods. Being a small Diplopoda species, P. obliterata is therefore particularly 

susceptible to desiccation. The observed tight body contact of individuals on tree trunks 

most likely reduces the relative surface-to-volume ratio and thus the loss of water by 

evaporation. It has already been shown for another millipede, the European Proteroilius 

fuscus, that aggregated animals can withstand desiccation for far longer, and that both 

his could account for the 

the resistance to desiccation, and the tendency to aggregate increase towards the 

seasonal onset of hibernation (Peitsalmi 1981). 

Although it has not yet been related to water conservation, gregarious behaviour during 

the aquatic phase has also been observed in other resident millipedes; Cutervodesmus 

adisi (Adis et al. 1996a), Pycnotropis tida (Vohland & Adis 1999), Mestosoma 

hylaeicum (Adis 1992a), as well as Poratia insularis and Docodesmus amazonicus 

(pers. obs.). Specimens from different species were even encountered in mixed 

aggregations (Chapter 3.3.2.2.3), indicating that the seasonal formation of aggregates is 

not merely related to intraspecific interactions, but is rather a general survival strategy 

used to avoid dehydration in the resident millipede species. 

Though quiescent when aggregated by day, the millipedes are assumed to be mobile in 

night hours, probably dispersing to forage for food (Chapter 3.3.2.2.1). Thereafter, 

individuals may not return to their former residences but may rather relocate and 

regroup at nearby humid shelters, as observed for other (European and cosmopolitan) 

Diplopoda by Peitsalmi (1981) and Hamazaki (1996). T

repeated occurrence of single specimens (pers. obs.) which apparently failed to re-

encounter conspecifics to form groups. Naturally, this is also related to the local 

abundances of P. obliterata. Solitary individuals were found more often at both Tarumã 

Mirím River (TM) and Lake Janauarí (LJ), where the species is less numerous, than 

they were on Marchantaria Island (MA), where P. obliterata is dominant (cf. Figs 20-

22; Chapter 3.3.1). 
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In 2002 the average number of individuals per group was similar at all inundation forest 

sites (3 to 4 individuals; Table 7). However, the distribution of group sizes was 

significantly distinct at TM (Chapter 3.2.3.1.2). The observed higher variance in 

aggregation sizes at TM, as becomes most apparent in the fourth month of flooding 

(Fig. 29a), is probably due to the higher local precipitation (Ribeiro & Adis 1984). 

Given a wider range of adequate microhabitats on tree trunks due to less severe 

humidity conditions at TM, the local millipedes might be more randomly distributed, 

resulting in fluctuating group sizes. 

On MA, group size was significantly correlated with the relative position above the 

water line (Table 9). When further from the water, the animals coped with lower 

humidity by forming larger aggregations.  

P. obliterata also responded to the lower relative humidity caused by the moderate El 

Niño in 2003 (Chapter 3.3.2.2.1) with the establishment of larger groups. In this year 

the species’ average aggregation size at both MA (7 individuals) and TM (5 individuals) 

was significantly larger (almost twice as large as in the previous year: 3 to 4 individuals; 

Table 7), although the absolute number of individuals observed was lower (Table 8). 

Furthermore, the overall largest group of 150 individuals was also detected in 2003 on 

MA (Fig. 20), where population densities were the highest among the inundation forest 

locations (Chapter 3.2.1). In addition, a weak but significant negative correlation 

between the group sizes of P. obliterata and monthly precipitation was found at all 

locations (Table 9). This inverse relation between aggregation size and humidity was 

most apparent at TM, where animals may have been accustomed to more rainfall (see 

above), and less visible at LJ.  

The local differences in the average group sizes can most likely be attributed to different 

local abundances of the species (see above; Table 8). The species’ low population 

density at LJ did not suffice to establish larger aggregations in 2003. Here, the rather 

low increase in the average group size from 2002 (3 individuals) to 2003 (4 individuals) 

was not significant (Table 7). However, due to less variation as a result of the harsher 

climatic constraints, the distribution of aggregation sizes in 2003 was homogeneous 

among the three inundation forest locations (Chapter 3.2.3.1.2).  

Interestingly, the number of specimens per aggregate somewhat increased during the 

time spent on tree trunks (Figs 26a-b, 29b & 32b), as indicated by a significant 

correlation between the residence time and group size of P. obliterata on MA in 2002, 

and at all locations, particularly LJ, in 2003 (Table 9). This could be either caused by 
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the increasing insolation (cf. Fig. 41) and thus higher temperature and increased 

evaporation resulting in decreasing relative humidity, and/or possibly due to the fact 

that more individuals encountered others over time.  

These results strongly suggest that the seasonally gregarious behaviour of P. obliterata 

on tree trunks is triggered off by a decrease in relative humidity. Positive thigmokinesis, 

i.e. attraction to solid objects including other individuals, is a generally known 

behavioural adaptation to prevent water loss, for instance in isopods (Morris 1999). The 

animals become less active when more of their body surface is in contact with such 

objects, which results in the formation of groups. Since the studied aggregations of      

P. obliterata are mainly formed by conspecifics, aggregation pheromones might also be 

involved in the initiation and maintenance of groups. These active substances stimulate 

animals to form a group by encouraging other members of the same species to aggregate 

.1). However, in terms of predator avoidance, such 

n additional benefit is likely to be exclusive to individuals under bark shelters (Chapter 

in these terms because 

 

(pers. obs.). The respective tree belonged to Eschweilera ovalifolia (Table 1), a 

in a particular area (Tadeka 1984). It is likely that such aggregation pheromones have 

increasingly been excreted by P. obliterata under dry conditions.  

Although the observed aggregations in the seasonally inundated forests are mainly a 

response to the relative dryness, this behaviour might also involve additional benefits. 

Millipedes, in particular polydesmids, frequently show aggregated distributions (Bhakat 

1989; Bandyopadhyay & Mukhopadhayaya 1988; Hopkin & Read 1992; Tajovsky 

1993). In several tropical species very dense aggregations can occur. These are often 

accounted for by groupings of juvenile stadia, mating patterns, feeding activities or 

seasonal variation in dispersion patterns (Blower & Miller 1977; Dangerfield 1993). In 

P. obliterata, only seasonality applies since its aggregations comprise both juveniles 

and dormant adults (Chapter 3.3.2.3.1), with foraging behaviour apparently restricted to 

dispersal at night (Chapter 3.3.2.2.1). In general, defense or avoidance of predators, as 

well as access to males are often considered as advantages of contagious distribution 

(Monteith 1982; Turchin 1989; Coleman et al. 2004). Correspondingly, I found that 

adult P. obliterata indeed seem to avail the presence of mating partners towards the end 

of the aquatic phase (Chapter 3.3.2.3

a

3.3.2.2.1), whereas aggregations may otherwise be unfavourable 

they are more easily detected. This is reflected by significantly smaller group sizes of  

P. obliterata on tree 7 on MA (Fig. 23a); it hosted a huge termite nest. The millipedes 

mostly avoided such trees, probably due to the resident termites defending their territory 
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hardwood species (Parolin et al. 1998) with a relatively dense bark that often forced the 

millipedes to hide in crevices rather than to take refuge below the bark. Due to lack of 

shelter and the presence of numerous termite soldiers, aggregation was disadvantageous 

and individuals tended to stay solitary trying to conceal themselves. This indicates 

additional flexibility in the behavioural response of P. obliterata. Other variations in 

aggregation sizes of the species among different trees (Chapter 3.2.3.1.2) can probably 

kewise be related to local peculiarities of individual tree trunks, and to different 

. 

       

and morphology (Prinzing & Woas 2003), implying similar 

li

random local abundances of the species

 

3.3.2.2.3 Species Interactions 
During the aquatic phase in the seasonally inundated forests, I found that P. obliterata 

were repeatedly associated with individuals of other small millipede species, i.e. 

Poratia insularis, Cutervodesmus adisi and Docodesmus amazonicus. The frequency of 

occurrence of such foreign specimens in the aggregations of P. obliterata was, in part, 

related to the local abundances of different species (Table 8). On Marchantaria Island 

(MA), due to the scarcity of other species, association with the far less common 

congener P. insularis was rather an exception. In contrast, both at Tarumã Mirím River 

(TM) and Lake Janauarí (LJ), where other millipede species were more abundant 

(Chapter 3.3.1), P. obliterata were found comparatively often in the company of   

C. adisi, D. amazonicus and P. insularis. 

In observational studies, arthropod species are often grouped into guilds according to 

their body size 

biotope/habitat use. Such functional grouping into one guild seems justified for four 

Central Amazonian millipedes; P. obliterata, P. insularis, C. adisi and D. amazonicus, 

as they are similar in morphology and size (Chapter 3.2.2), and overlap in their 

favourable microhabitats as well as activity time (Chapter 3.3.2.2.1). Species of the 

same guild, however, are regarded as potential competitors for the same resources.  

Other terrestrial arthropods (e.g. tiger beetles) in the Central Amazonian floodplains 

seem to prevent interspecific competition by species-specific microhabitats, i.e. spatial 

segregation, and probably also species-specific prey spectra, i.e. functional segregation 

(Zerm 2002). This corresponds to deterministic equilibrium models, where the 

occupation of narrow niches allows for the co-existence of species (Holt 2001). 

Whereas in other studies (O'Neill 1967; Geoffroy 1981; Enghoff 1983) co-occurring 
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millipede species displayed niche partitioning in respect of microhabitat, separation due 

to seasonal migration, or body size and hence food source, such patterns do not to apply 

to the above mentioned millipedes. These four Diplopoda species, according to my field 

observations, appear convergent with respect to seasonal migrations to tree trunks and 

preference for certain tree species (Chapter 3.3.2.1), the use of bark shelters close to the 

water line (Chapter 3.2.2.2.1), gregarious distributions (Chapter 3.3.2.2.2), and, most 

likely, also nocturnal feeding activities (Chapter 3.3.2.2.1) during the aquatic phase, as 

well as univoltine life cycles (Chapter 3.3.2.3.1). Though dietary specialisation is often 

considered an effect of competition avoidance, and food preferences have been revealed 

in some millipedes (cf. Kheirallah 1979; Chapter 1.2.1.5), differential utilisation of the 

limited resources on tree trunks during the aquatic phase seems unlikely and local 

competition might arise. 

One view of community ecology is that of biocoenoses in equilibrium over long periods 

of time, with the same group of species developing stable interactions. A more realistic 

view is that communities are continually challenged by invading species (Elton 1958; 

Simberloff 1981), with the local species often affected by the invaders (Simberloff 

1981). In this context, it is remarkable that native millipedes like C. adisi and   

D. amazonicus appear to tolerate recently introduced species, P. obliterata and  

P. insularis (Chapter 3.3.1), as they are potential competitors for temporarily restricted 

resources, in mixed aggregations on tree trunks. In contrast, Geoffroy (1981) found that 

two co-existing European millipedes of equal size tended to aggregate in monospecific 

groups when sharing a seasonal microhabitat. However, indifferent behaviour in 

response to an introduction has 

            

           

also been reported, namely for two native millipede 

us (e.g. flooded) 

species in South Australia (Griffin & Bull 1995). Griffin & Bull (1995) found that the 

three species, which overlap broadly in activity time and preferred microhabitat, showed 

no difference in habitat choice or aggregating behaviour when alone or mixed, and 

natives commonly aggregated with the introduced species.  

With regard to the four Amazonian millipedes, such a non-discriminatory gregarious 

behaviour may result from a secondary relevance of competition given the severe 

climatic conditions during the aquatic phase. This theory is supported by the view of 

stochastic fluctuation models that predict seasonally heterogeneo

biotopes to prevent equilibrium (climax) and thus sustain diversity, allowing for many 

species to overlap broadly in their niches (Holt 2001). In theory, the role of competition 

in stabilising communities against environmental variability may be minor, whereas 
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environmental fluctuations can affect the strength or presence of species interactions 

(Hughes et al. 2002). During the time spent on tree trunks the millipedes might be 

largely regulated by abiotic constraints in relative humidity and thus competition for 

food resources may become relatively less important, particularly since the animals do 

not reproduce over this period, yet another adaptation to the temporary limitations 

(Chapter 3.3.2.3.2). Furthermore, due to the proposed diurnal rhythm of aggregated 

resting by day, and scattered foraging at night, the benefit of water conservation and the 

limitation of food due to the presence of other specimens are chronologically detached. 

As a consequence, the millipedes may primarily take advantage of aggregation with 

other species, especially under drier conditions and/or when their own numbers are so 

low that specimens rather encounter foreign or mixed groups than monospecific ones.  

Correspondingly, I found that the frequency of interspecific associations was affected 

by the relatively dry conditions caused by the moderate El Niño in 2003 (Chapter 

3.3.2.1). In this year, due to the more extreme climate, the population densities of 

millipedes in the inundation forests appeared somewhat diminished, as indicated by the 

comparatively lower numbers of P. obliterata observed at different localities (Table 8). 

On MA the local abundance of the less frequent but co-occurring P. insularis was so 

low in 2003 that I only found monospecific aggregations of P. obliterata. In contrast, at 

TM as well as LJ, where co-existing species were generally more abundant (pers. obs.), 

both the absolute and relative proportions of foreign specimens in aggregations of   

P. obliterata were higher in 2003 than in 2002 (Table 8). In many of these mixed 

groups, the number of foreign specimens was therefore larger than the number of  

P. obliterata individuals. Furthermore, at both locations a significant correlation 

between the proportion of other specimens in the mixed aggregations and the residence 

time on tree trunks was found in 2003 (Table 9). This can most likely be attributed to a 

decline in the relative humidity over the residence time due to a decrease in 

precipitation (Fig. 16b) and an increase in insolation (cf. Fig. 41) during the aquatic 

phase. In accordance to this, a significant inverse relation between the monthly rainfall, 

i.e. humidity, and the occurrence of foreign specimens in groups of P. obliterata at LJ 

was found (Table 9). 

All this suggests that interspecific associations arise when climatic conditions become 

more extreme and larger aggregations help in reducing water loss and ensure survival. 

The occurrence of such gregarious species interactions thus may also be referred to as a 

local survival strategy, given that individuals of P. obliterata in the moist plant debris 
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on the plantation did not show any species interactions (Chapter 3.2.3.2). Here,  

P. obliterata co-occurred with the small millipede Myrmecodesmus hasta

          

tus, but the 

         

ave encouraged the 

esent, probably less competitive individuals of 

two species were never found associated. Therefore, interspecific aggregation seems to 

represent another flexible, behavioural response to seasonal flooding. Due to the lower 

population density of P. obliterata at TM and LJ (Chapter 3.3.1), local individuals 

relied on an enhanced social behaviour with foreign specimens to establish sufficiently 

large aggregations and enable them to cope with the low relative humidity in 2003. 

Species can strongly repulse or attract one another by their pheromones, as shown for 

Collembola (Christensen 1980). Perhaps some aggregation pheromones exist in  

P. obliterata as well (Chapter 3.3.2.2.2). If so, most likely they are excreted by 

millipedes in response to drier conditions, and this could also h

formation of interspecific aggregations.  

Such social species interactions for the benefit of water conservation seem particularly 

relevant for P. obliterata individuals at LJ which, in contrast to those on MA and at TM, 

did not retreat closer to water, nor formed larger groups to cope with the reduced 

humidity in 2003, probably due to the lower local abundance (Chapters 3.3.2.2.1 & 

3.3.2.2.2). Here, a significant inverse relation between the presence of foreign 

specimens in mixed groups with P. obliterata and the relative position of groups above 

the water line was observed in 2002 (Table 9). This can probably be explained by the 

observation that all considered millipede species preferred microhabitats close to water; 

thus encounters of, and association with, other individuals in these areas was more 

likely. However, in 2003, the correlation between the proportion of foreign specimens 

in aggregations of P. obliterata and the relative vertical position of groups was 

significantly positive. Possibly, as a result of increased competition for microhabitats 

near the water due to reduced relative humidity, foreign specimens were not tolerated in 

aggregations at the favoured sites, while at greater distances from the water line, where 

abiotic conditions were worse, the pr

different species readily associated. 

 

3.3.2.3 Life Cycle and Postembryonic Development 
For migrating species such as P. obliterata, the most important complex adaptation 

involves the relation between migratory behaviour and the schedules of reproduction 

and mortality (Rankin & Singer 1984). Migration allows the choice of, where to breed, 
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and its relation to births and deaths determines the life history strategy (Dingle 1985). 

The life cycle of most terrestrial arthropods is closely adjusted to seasonal changes, with 

development and reproduction being limited to specific periods of the year that alternate 

with periods of dormancy, i.e. inactive periods (Tauber et al. 1986; Schäfer 1992). Both 

migration and dormancy are thus methods that animals have evolved to meet changes in 

ivoltine life cycles, characterised by the 

e (Adis 1997). For the latter species, the 

 subsequent terrestrial phase. 

f P. obliterata populations in the three different inundation forests is 

their biotopes/habitats (Southwood 1962).  

 

3.3.2.3.1 Life Cycle in the Field 
In Central Amazonia, the development of specific reproduction cycles by terricolous 

arthropods is related to the transition from upland to floodplain forests (Adis et al. 

1988). Numerous species living in upland forests show a plurivoltine life cycle, i.e. 

continuous reproduction, while those in seasonally flooded forests have acquired an 

annual periodicity of reproduction, i.e. un

absence of offspring during the aquatic phas

main reproduction occurs on the forest floor during the

Such a synchronisation of reproduction in the soil with the non-inundated period has 

been observed for resident millipedes such as Cutervodesmus adisi (Adis et al. 1996a), 

Pycnotropis tida (Vohland & Adis 1999), Mestosoma hylaeicum (Adis 1992a) and 

probably Prostemmiulus adisi (Mauriès 1984), as well as Poratia insularis and 

Docodesmus amazonicus (pers. obs.). Even the non-migratory, flood-resistant millipede 

Myrmecodesmus adisi (Adis & Messner 1997) shows such a univoltine life cycle in the 

inundation forest.  

Accordingly, I found that the P. obliterata population on the local upland plantation at 

CPPA/Embrapa (EB) reproduced continuously, with both immature stages and adults 

occurring throughout the observation period (Fig. 41). In contrast, the reproductive 

cycle o

synchronised with the annual flooding. A significant increase in older stages and a lack 

of eggs, recent hatchlings and succeeding juvenile stages were observed during the 

aquatic phases in 2002 and 2003 (Figs 35-37; Chapter 3.2.4.1.1), indicating a univoltine 

life cycle in the seasonally flooded biotopes. The majority of P. obliterata individuals 

spent the aquatic phase in the 6th and mainly subadult stages. A similar dominance of 

advanced juvenile stages during inundation has been reported for another local 

millipede, C. adisi (Adis et al. 1996a). Most likely, these stages are more resistant to the 

 132



Ecological Traits 

harsh, dry conditions prevailing on tree trunks (Chapter 3.3.2.2.1) than younger ones. 

David & Vannier (2001) found that resting subadults of the European millipede 

Polydesmus angustus, for which desiccation might also be an important mortality factor 

in the field, survived dehydration stress far longer than other immature stages. One 

reason for this might be that subadults did not moult until September, thus avoiding 

extra water loss during moulting (Hopkin & Read 1992; David & Vannier 2001). 

Ecdysis (i.e. moulting) is the most sensitive period during the development of 

millipedes (Hopkin & Read 1992). Most likely, this is reflected in the higher mortality 

of premature P. obliterata from MA (average mortality: 34 %) compared to those from 

EB (average mortality: 10 %) in enclosures (Fig. 49a; Table 15; Chapters 3.1.6.2 & 

3.2.5.2), since the proportion of 6th stage immatures compared to subadults was higher 

in P. obliterata from MA (pers. obs.), i.e. the respective individuals had to perform 

more phases of ecdysis. As to water conservation and thus an increased resistance to 

desiccation by a delayed ecdysis, such a benefit may apply to subadult millipedes on 

tree trunks in floodplain forests, since the majority of these did not moult before the end 

of the aquatic phase. While in C. adisi advanced juvenile stages only reached maturity 

after their return to the ground (Adis et al. 1996a), a considerable fraction of subadult  

P. obliterata turned adult at the end of inundation, i.e. prior to the recolonisation of the 

forest floor. This pattern became most apparent on Marchantaria Island (MA), where the 

species appeared to be most frequent (Chapter 3.3.1) and more than 80 % of all 

individuals encountered during the last month of inundation in 2002 had become adult 

3; Chapter 

.2.4.2.1). In September, closer to the terrestrial phase, all dissected females from the 

(Fig. 35). Hence, reproduction in P. obliterata can probably be resumed more rapidly in 

the subsequent terrestrial phase. 

The sex ratio in P. obliterata was balanced and did not differ significantly during the 

aquatic phase or among years and sample sites, including the upland plantation 

(Chapters 3.2.4.1.1 & 3.2.4.1.2). Still, in the inundation forests the ratio was slightly but 

not significantly biased towards female juvenile and adult stages (Figs 38-40). 

Similarly, a probable predominance of females on the forest floor was observed for the 

local C. adisi (Adis et al. 1996a). Adis et al. (1996a) suggested that this might help in 

compensating for a possible decline in population density due to flooding by a faster 

establishment of subsequent generations in the non-inundated period. 

By the end of the aquatic phase in 2003, the proportion of females with mature and 

immature eggs increased significantly from August to September (Fig. 4

3

 133



Ecological Traits 

inundation forests carried eggs, whereas females with as well as without eggs were 

 the upland plantation (Fig. 44; Chapters 

to the forest floor. On the upland plantation, copulating 

is given by experiments performed on females sampled from April to August in 2003 

found on the upland plantation, where animals reproduced continuously (Fig. 43; 

Chapter 3.2.4.2). In the inundation forests the average number of both mature and 

immature eggs per female increased significantly towards the terrestrial phase, with the 

quantity of mature eggs being higher than the number of immature eggs, whereas an 

opposite trend was observed in females from

3.2.4.2.1 & 3.2.4.2.2). In September, close to recolonisation of the forest floor, the 

numbers of mature and immature eggs were thus significantly higher in females from 

the inundation forests compared to those from the upland plantation. All these 

observations suggest that females in the inundation forests increasingly built up eggs 

which matured towards the end of the aquatic phase, but were not yet laid. A similar 

pattern was also observed in females of the univoltine millipede P. tida, where the 

highest quantities of mature eggs were also found at the end of the aquatic phase 

(Vohland & Adis 1999). Eggs in local females of P. obliterata are therefore likely to 

mature only close to trunk descent, with oviposition being restricted to the terrestrial 

phase after females returned 

adults were recorded throughout the observation period in both 2002 and 2003. In 

contrast, although adults of both sexes occurred all along, mating in the inundation 

forests was only observed sporadically at the end of the aquatic phase (a total of seven 

copulations for all locations in both years; Chapter 3.2.4.2.1). These copulations, 

however, do not necessarily imply reproduction in the trunk region, since fertilisation in 

millipedes is not coupled to copulation. It is important to recognise a time lag between 

insemination and fertilisation. The process of insemination occurs during mating when 

the male inserts a packet of sperm into the spermathecae of the female (Barnett et al. 

1993). The sperm is then stored in these seminal receptacles, and eggs are not fertilised 

until just before laying (Blower 1985; Hopkin & Read 1992). Some females probably 

avail the presence of mating partners during the temporarily gregarious mode of life 

(Chapter 3.3.2.2.2) to copulate close to the end of the aquatic phase, enabling immediate 

oviposition after their return to the ground in the terrestrial phase (cf. dormancy in 

Chapter 3.3.2.3.3). Snider (1981) reported that females of the millipede Polydesmus 

inconstans appear to be able to get enough sperm from one mating to fertilise all their 

eggs, encompassing seven to eight ovipositions. Further evidence for the abstinence 

from mating by sexually mature adults of P. obliterata until the end of the aquatic phase 
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(Chapter 3.1.6.2). All females copulated with a paired male before laying eggs, whereas 

females which were kept single or with an immature male did not oviposit.  

Females of P. obliterata in the inundation forests may produce an attractive signal (e.g. 

a mechanical or chemical signal; cf. Haacker 1974) when intending to mate close to 

atic events. In 2002 only few individuals of developmental 

ation of Adis (1997) that in some local species, where trunks 

trunk descent. Support for this has been seen in studies of the tropical beetle Stenotarsus 

rotundus, which shows a similar pattern of resuming reproduction after dormancy 

during a harsh season than here proposed for P. obliterata. Near the end of the dry 

season, females in the aggregation initiate egg maturation (Wolda & Denlinger 1984) 

and, at the onset of the rainy season, copulate and then disperse from the aggregation to 

lay their eggs (Denlinger 1986). Here, the precise stimulus that initiates copulation is 

assumed to be increased locomotory activity (Tanaka et al. 1987b). 

Phenology of P. obliterata in the field is apparently also influenced by variations in the 

flood pulse due to macroclim

stages younger than the 5th were found on tree trunks at the beginning of the aquatic 

phase, i.e. shortly after trunk ascents, whereas in 2003 the proportion of younger 

developmental stages (stage 3 to 4) was higher (Figs 35-37). This is likely to be 

explained by later forest flooding in 2003 due to the moderate El Niño (Figs 17 & 18). 

Thereby, the preceding terrestrial phase was extended for approximately one month, 

allowing for the litter-dwelling animals to produce additional offspring, i.e. hatchlings 

from formerly laid eggs, as well as their further development to juvenile stages. This 

agrees with the observ

ascents are normally represented by adults, juvenile stages occurred as well in years 

with El Niño events, e.g. in the millipede P. tida, where two overlapping generations 

seem to mix in this situation (Vohland & Adis 1999). Although the seasonal rhythmicity 

in age structure of local P. obliterata is thus affected by environmental variation, 

maturation occurred each year mostly at approximately the same time, i.e. at the end of 

the aquatic phase (Chapter 3.2.4.1.1).  

The hypothesis that an extended terrestrial phase, due to a prolonged reproductive 

period, may lead to a higher proportion of juvenile stages in P. obliterata is also 

reflected in the local variation of its age distribution. The sample sites at Lake Janauarí 

(LJ) as well as Tarumã Mirím River (TM) were situated at higher average altitudes than 

the site on Marchantaria Island (MA; Chapter 3.2.1.3). In addition, the sample site at LJ 

was locally much more heterogeneous in terms of elevation than the other two, resulting 

in large variations among flood periods of individual sample trees (up to 100 days; 
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Chapter 3.2.1.3). Accordingly, the sampled millipedes at LJ were perspicuously 

younger than those collected at the other two locations (Chapter 3.2.4.1.1). For instance, 

whereas age distribution in the last months of flooding in 2003 resembled that of the 

previous year for P. obliterata on MA and at TM, many 6th and some 5th developmental 

stages were still encountered at LJ.  

On the upland plantation, the number of recorded P. obliterata per month decreased 

significantly during the observation period in 2002 (Chapter 3.2.4.1.2). This might be 

due to the beginning of the dry season, as more juvenile stages seem to occur in months 

of more rainfall (Fig. 41). However, results did not indicate any significant correlation 

between local precipitation or insolation patterns and the phenology of P. obliterata in 

both 2002 and 2003 (Fig. 41; Chapter 3.2.4.1.2). The high moisture of the plant debris 

on the plantation seems to effectively shelter the millipedes they are inhabited by from 

P. obliterata by Wilck (2000), 

external climatic conditions. 

 

3.3.2.3.2 Evolution of the Univoltine Life Cycle 
The most prominent life history trade-off involves the cost of reproduction (Stearns 

1989). It has two major components, cost paid in survival and cost paid in future 

reproduction. Stearns (1989) emphasised the importance of intergenerational trade-offs, 

i.e. trade-offs between a female’s reproductive effort and the probability that her 

offspring will survive to the next season. He stated that both the reproductive 

investment of a female and the survival of its juveniles are phenotypically plastic traits. 

Any change in a female’s allocation strategy is likely to have implications for juvenile 

mortality (Stearns 1989). This can lead to a trade-off between current and future 

reproduction. Many organisms are capable of reducing or delaying their reproductive 

output when the conditions for potential offspring are unfavourable (Boyce & Daley 

1980).  

For terrestrial invertebrates in the floodplain forests, temporarily suspending the 

reproductive effort during the rather adverse aquatic phase may be an adaptation to 

minimise the costs associated with reproduction, since chances for a successful 

reproduction are very low anyway. As observed for 

cultured females of an inundation forest population were able to survive for almost a 

year when kept single, but died after a maximum of three months if they had copulated. 

Most likely, the longevity of mating females was significantly affected by subsequent 
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reproductive investments. Under the adverse conditions (e.g. relative dryness, limited 

resources; Chapter 3.3.2.2) prevailing on tree trunks, where animals take refuge during 

flooding, this effect on female survival is likely to be even more severe. Besides this, 

any eggs or hatchlings emerging during this period would certainly suffer high 

mortality. Millipede juveniles are more vulnerable than adults due to their small size 

and softer exoskeleton (Hopkin & Read 1992). They represent an easier prey for 

predatory arthropods in the trunk region (Chapter 3.3.2.2.1) and lose water generally 

faster than adults, thus being less resistant to desiccation (O'Neill 1969; Lewis 1974; 

David & Vannier 2001; David et al. 2003b). In the laboratory (Chapters 3.2.5.1 & 

               

uggested that changes 

 the mortality of early life stages have an even greater effect than those that occur later 

aratively higher 

 

3.2.5.2) I found the mortality of offspring in P. obliterata to be particularly high under 

drier conditions. Accordingly, with the relative dryness on tree trunks being an 

important mortality factor even for adults, juveniles of the local millipede Pycnotropis 

tida were not able to survive the aquatic phase (Vohland & Adis 1999). Since their 

survival probability is higher in humid places, early juvenile stages of millipedes 

usually only appear at sites with the most equalised microclimate and moist conditions 

(Peitsalmi 1981; Vajda & Hornung 1991). Such humid shelters, however, are not 

encountered on tree trunks, nor do they exist even close to the water line. Oviposition 

below the water line is not an option either. Firstly, the surrounding water may reduce 

oxygen penetration into eggs and inhibit embryogenesis (cf. Bercovitz & Warburg 

1988). Secondly, millipede offspring (up to the 3rd stage) are also highly susceptible to 

an excess of water (Baker 1978). 

In the floodplains, univoltine life cycles synchronic to annual inundation thus might 

have evolved in immigrant terrestrial arthropods (Chapter 3.3.2.3.1) such as  

P. obliterata due to selection caused by seasonal juvenile mortality. Age-specific 

mortality in a population of overlapping generations can, in theory, result in shifts in the 

age distribution (Galvani & Slatkin 2004). Charlesworth (2003) s

in

in life. Furthermore, periodic mortality is believed to cause comp

selection intensity than continuous mortality, with the age structure of an affected 

population continuing to change even after selection ceases (Galvani & Slatkin 2004). 

Accordingly, Reznick et al. (1990) found that reduced juvenile survival in guppies 

selected for later maturation and lower reproductive effort as well as less offspring and 

caused significant, heritable life-history evolution after 30 to 60 generations. 
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3.3.2.3.3 Regulation by Maternal Effects 
Periods of dormancy involve either quiescence or diapause. An essential difference 

between the two types of dormancy is that quiescence is an response to adverse 

conditions that rapidly reverses after a return to favourable conditions, whereas diapause 

anticipates adverse conditions and is not immediately reversible (Tauber et al. 1986; 

Schäfer 1992).  

In many arthropods, diapause is the primary seasonal adaptation (Tauber et al. 1986). 

There is evidence for a widespread diapause existence among tropical insect species, 

including those exposed to periodic inundations (Denlinger 1986). In his review, 

Genetic variation provides a framework for 

Denlinger (1986) described diapausing insects to retreat to sites that provide protection 

and buffering of the physical environment, just as observed for P. obliterata residing on 

tree trunks in the floodplain forests (Chapter 3.3.2.2.1). Furthermore, he stated that non-

stationary aggregations that move horizontically in response to humidity cues, a pattern 

also observed for P. obliterata during the aquatic phase (Chapter 3.3.2.2.2), appear to be 

common during the adult diapause of tropical invertebrates (e.g. Coleoptera, 

Lepidoptera and Hemiptera).  

In millipedes, although periods of dormancy have been reported (Hopkin & Read 1992), 

it is generally unknown whether these are diapauses or quiescences. According to my 

own observations, the univoltine life cycle of P. obliterata in the inundation forests 

involves an optional adult dormancy, i.e. quiescence, since reproduction resumed 

rapidly under apparently more favourable conditions in culture (Chapter 3.2.5.2). 

Furthermore, the cultured adults from both a univoltine inundation forest population and 

a plurivoltine upland population immediately ceased to reproduce when forced to take 

shelter on bark or container walls in response to experimental flooding (Chapter 

3.2.5.1). Hence, the species appears to be able to track environmental changes by 

adjusting its reproductive behaviour, clearly a profound selective advantage. 

Selection experiments with tropical insects suggest a capacity for rapid adaptation with 

respect to dormancy traits (Denlinger 1986). 

life cycles that are then modified by developmental and environmental variation. The 

pronounced genetic diversity found in P. obliterata (Chapter 4.3.2) could form the basis 

of the observed local flexibility in its life cycle. If the environment is predictable, 

external cues can trigger off a switch between the alternative forms best suited for 

prevailing conditions (Scott & Dingle 1990). Since in the floodplain forests secondary, 
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abiotic factors (Chapter 3.1.2.1) indicate the advance of inundation and can be 

monitored, plasticity might be favoured because it allows effective adjustments to the 

changes. In a colonising species such as P. obliterata the evolved plasticity with 

adaptive responses in each environment encountered would clearly be advantageous.  

, specimens of P. obliterata from an 

ons in culture thus may not reflect development in the field 

According to Groeters & Dingle (1987, 1988), one way the constraining effects of 

genetic correlations across environments can be circumvented is by selection for 

environmentally cued maternal control of the characteristics of offspring. Maternal 

effects can thereby provide considerable flexibility in the life cycle because the female 

can influence future performance of its offspring in temporally heterogeneous 

environments (Groeters & Dingle 1987, 1988). These maternal effects can potentially 

affect the whole suits of life history traits, since they appear to influence the programme 

of juvenile hormone production throughout offspring lifespan, as shown for insects 

(Nijhout & Wheeler 1982).  

Whereas some millipedes are believed to synchronise their moulting period (Bhakat et 

al. 1989), I found the time of postembryonic development in reared P. obliterata to be 

highly variable between different rearing boxes (cf. high values of standard deviation in 

Table 12). Different rates of development have also been reported for cultured 

individuals of the local P. tida, with slow ones taking up to one year longer to reach 

maturity (Vohland & Adis 1999). As suggested by Vohland & Adis (1999), a high 

degree of internal variability is possibly present in P. obliterata and P. tida to widen 

their survival options.  

According to Wilck (2000) and Adis et al. (2001)

upland plantation at CPPA/Embrapa and from floodplain forests at Nauta, Peru as well 

as Tabatinga, Brazil showed no significant difference in the duration of postembryonic 

development, which took an average of 70 days. However, these animals had been 

reared for several generations under the constant, optimal conditions of a European 

laboratory. The observati

because here additional, yet unknown factors are probably vitally important, e.g. in 

respect of maternal effects. Therefore, I conducted experiments on the reproduction of 

P. obliterata directly collected in the field (Chapter 3.1.6.2). Interestingly, I found the 

time for postembryonic development to differ significantly between animals from the 

upland plantation at CPPA/Embrapa (EB) and the local inundation forest of 

Marchantaria Island (MA). Both maturation and development were comparatively faster 

in offspring from the inundation forest population MA (cf. Tables 12 & 13). Relative to 
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MA, the average development of juvenile stages from the upland population EB was 

slowed down by almost one developmental stage from the 2nd to 5th month of the 

u

evelopment and 

observation period (six months). Even more important, the first immat re stages from 

MA reached adulthood in the 3rd month of observation, whereas offspring from EB took 

no less than six month to turn adult. Variation in the rates of development and the onset 

of maturity between contrasting biotopes has also been reported for two European 

millipedes which, similar to P. obliterata, cover a wide range of biotopes (Fairhurst 

1974). Growth variation in millipedes has generally been ascribed to environmental 

factors and, in part, to alternative growth pathways (Peitsalmi 1981). According to 

Peitsalmi (1981), the variability in the maturation rate recorded in several other 

millipede species (Blower 1970a; Blower & Miller 1974; Fairhurst 1974) can probably 

be explained in a similar way.  

The lack of congruence between the laboratory study of Adis et al. (2001) and my own 

enclosure study strongly suggests that the observed variations in the developmental rate 

of offspring are not permanent but field-derived. Apparently, environmental factors 

which the respective parents have been exposed to in the different biotopes induced a 

different mode of development in their offspring, most likely due to maternal effects. 

These might involve hormonal regulation that would influence offspring development 

for longer periods (Nijhout & Wheeler 1982). Alternatively or additionally, it is 

possible that the eggs of females from the floodplain populations comprised more 

resources, e.g. richer yolk, that may enabled a comparatively faster d

thus an earlier maturation in juveniles from MA. It is generally believed that young 

millipedes only start feeding after moulting to the 3rd stage, implying that the first two 

juvenile stages have to rely entirely on yolk for early development (Hopkin & Read 

1992). Still, such an abstinence from feeding is not obligatory for the early juvenile 

stages of P. obliterata in culture, where I observed them to nourish on protein-rich fish 

food (cf. Chapter 3.1.6.2). However, this might solely apply to the field, where only less 

nutritive food sources are available. The better food quality for several generations in 

culture could also be the cause of the generally faster development observed in the study 

of Adis et al. (2001). 

In the enclosures, I found that, similar to observations in the field, reared P. obliterata 

from the upland population EB reproduced continuously during the entire observation 

period (six months), while animals from the inundation forest population MA ceased to 

reproduce after the 3rd month as the latest (Table 14). Thereby, pairs of P. obliterata 
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from EB outnumbered those from MA in the quantity of both egg clutches and hatched 

offspring. Although single clutches of the inundation forest population MA often 

comprised more eggs (five to 15 eggs) than those from the upland population EB (five 

to eleven eggs; Chapter 3.2.5.2), the total numbers of eggs laid was higher in the latter. 

The maximum number of clutches observed per pair was four in MA and eight in EB, 

resulting in a maximum number of 28 and 55 first juvenile stages, respectively (Chapter 

3.2.5.2). The highly variable numbers of eggs and ovipositions may again reflect 

instability of the environment, with the internal variability in P. obliterata ensuring the 

species persistence. 

All these findings suggest alternative reproductive strategies in the two populations 

re 

roductive period is locally restricted to only 5 to 7 months. This might allow 

have focussed so far on external factors that control the 

from different biotopes. Females from the upland population EB, which is plurivoltine 

in both field (Chapter 3.3.2.3.1) and enclosures, produce more offspring and for a 

longer period, probably investing less in single eggs. Their juveniles thus requiring a 

comparatively long time for development is not an issue in the field, since their habitat 

is not a temporary one. In contrast, females from the inundation forests, which a

univoltine in the field (Chapter 3.3.2.3.1) and show a constrained reproduction period in 

the enclosures, have less offspring and are likely to invest more resources into single 

clutches. Presumably due to such higher maternal investments, the resulting juveniles 

are able to develop and mature more rapidly. The relatively fast postembryonic 

development could be a prerequisite for P. obliterata to inhabit floodplain forests, given 

that the rep

for the establishment of two succeeding generations in the terrestrial phase and thus 

enables the species to cope for missing reproduction during the aquatic phase. As has 

already been proposed for other millipedes, one of them the local P. tida, the species’ 

distribution range is governed by a minimum development time required from 

oviposition to hibernation (Halkka 1958; Vohland & Adis 1999). 

 

3.3.2.3.4 External Cues for Reproduction and Development 
Tropical invertebrates experience a rich variety of biotic and abiotic factors. The 

environmental cues for dormancy in tropical insects have been identified only for some 

species and include temperature, photoperiod, rainfall, nutrition and airborne chemicals 

(Denlinger 1986). Fewer studies 

dormancy in millipedes (e.g. David et al. 2003a). Fujiyama (1996) concluded that 
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temperature is the main factor regulating the life cycle of a Japanese species. Bercovitz 

& Warburg (1988) further suggested temperature to affect oocyte development and the 

onset of egg-laying in an Israeli millipede. Temperature is also involved in the control 

of regional reproductive strategies in P. obliterata. Adis et al. (2001) obtained males 

from eggs of obligatory parthenogenetic females from a European hothouse (24/24 °C) 

by keeping the females at higher temperatures (29/24 °C). Furthermore, oviposition in 

some millipedes depends on soil moisture, since dry soil did not stimulate egg-laying or 

caused a decline in clutch size while females preferred to oviposit in moist soil 

(Bercovitz & Warburg 1988). 

The precise regulation of univoltine life cycles in most terrestrial invertebrates, 

including millipedes, of Central Amazonian floodplains still remains obscure. Cues for 

external control have, so far, only been investigated in detail in the tiger beetle 

Pentacomia egregia. Amorim et al. (1997) found the presence of soil to be the primary 

factor inducing oviposition, whereas decreased variation of day and night temperature 

due to the buffering effect of the water body acted as a synchroniser for gonad 

dormancy and delayed maturation. In the millipede Pycnotropis tida, however, a 

univoltine life cycle during flooding was caused by the mortality of juveniles, mainly a 

result of the dry conditions on tree trunks (Vohland & Adis 1999).  

Factors implicated in the regulation of dormancy in resident P. obliterata thus may also 

involve mean air temperature and adequate oviposition sites characterised by the 

presence of soil and sufficient moisture. In this species, soil is even more likely to be 

ased on experiments conducted with specimens of P. obliterata brought from both a 

rest (MA) and an upland plantation (EB), however, neither a 

design see Chapter 3.1.6.2 and Table 5).  

mandatory for reproduction, since the construction of egg chambers is prerequisite to 

egg-laying (Chapter 1.2.1.4) and most millipedes ingest earth and then use faecal 

material to manufacture these chambers (Hopkin & Read 1992). Another factor worth 

considering is the availability of resources that are certainly restricted in the trunk 

region, even more so due to the presence of potential competitors (Chapter 3.3.2.2.3). 

Food quality has been shown to affect female fertility in some millipedes (David & 

Celerier 1997).  

B

local inundation fo

decreased variation of day and night temperature (24/24 °C), nor the lack of soil, 

adequate moisture and sufficient resources appears to trigger off the observed 

reproductive abstinence in the inundation forests (Chapter 3.2.5.2; for experimental 
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A constant temperature of 24 °C did neither effect gonad dormancy, nor did it prevent 

maturation and subsequent reproduction in immature millipedes sampled from both 

populations. Besides, it had no significant influence on the mortality of both premature 

and adult individuals (Fig. 49a-b; Tables 15 &16). 

 20 to 61 %. This adverse effect resulted from 

 3.2.5.2). 

the respective females might only have invested in their last possible reproduction, a 

Despite the drier conditions, pairs from both populations kept on bark pieces reproduced 

almost (except for 7.5 %, i.e. six out of 80 pairs) as readily as those maintained on earth. 

Similarly to a European polydesmid (Voigtländer 2000), female P. obliterata were able 

to build egg chambers from any material available in culture, i.e. earth, bark, plaster and 

filter paper (Chapter 3.2.5.2). Hence, construction material is not a limiting factor 

during flooding, nor does the presence of soil appear to be prerequisite to oviposition in 

P. obliterata. Although I cannot exclude that mere handling, i.e. transport of sampled 

millipedes from the field to laboratory in boxes with moist soil (Chapter 3.1.2.1), might 

have stimulated reproductive behaviour in adults, this does not apply to immature 

individuals which were then kept exclusively on bark and likewise reproduced after they 

had matured (Chapter 3.2.6.2). Even though they reproduced, the mortality in adults 

was significantly higher for the millipedes that kept on bark instead of soil when no 

moist plaster was added to provide for adequate humidity (Fig. 49b; Table 16). The 

average mortality then increased from <

the relative dryness and not caused a calcium deficit due to the missing plaster, since 

ecdysis in P. obliterata ceases with maturation (Chapter 1.2.1.4) and the adults thus 

show no special requirements for calcium. Juvenile millipedes were also particularly 

affected by the drier conditions (Chapter 3.2.5.2). 

When millipedes collected from the field were kept on either habitat substrate 

(earth/bark) without any supplementary food (i.e. fish food; Chapter 3.1.6.2), the 

surviving females still oviposited but the mortality was extremely high, i.e. adding up to 

90 % in adults (Fig. 49b, Table 16) and even higher values in their offspring (almost 

100 %; Chapter

As documented by the high mortality rates, low humidity and food deprivation in the 

last-mentioned treatments were apparently more severe than conditions in the field 

(during the aquatic phase). On the one hand, the fact that surviving females still mated 

and laid eggs may confirm that neither relative dryness nor a lack of food prevent 

oviposition in P. obliterata on tree trunks. On the other hand, as chances for survival 

and future reproduction were minor due to the deleterious conditions in the experiments, 
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situation that does not apply to the field, where the survival of adults appears less 

strongly affected (Chapter 3.2.4.1.1).  

              

 °C, females from the upland population EB did not 

produce continuously during the entire observation period (six months) but they only 

roduced offspring up to the 2nd or 3rd month. Their reduced breeding period then 

equaled that of females from the inundation forest population MA. Here, reproduction 

was generally restricted to a period of mostly three months, regardless of treatment. 

Most likely, the breeding period in these females was already attuned to the harsher 

conditions encountered during the aquatic phase (see alternative reproductive strategy in 

Chapter 3.3.2.3.3). Since the upland population EB lacked such pre-adjustments, the 

continuity of reproduction in the respective females was acutely influenced by the 

decreased temperature. Similarly, the rearing of animals on bark instead of soil only 

affected the reproductive output in the upland population EB, i.e. by reducing the 

Possibly only several unfavourable factors combined provoke quiescence in   

P. obliterata, as observed in the aquatic phase in floodplain forests (Chapter 3.3.2.3.1) 

and during experimental flooding (Chapter 3.2.5.1). Alternatively, there might be 

another external cue not yet considered or sufficiently restricted during my experiments. 

It is not a trivial task to detect the precise stimulus that triggers offs or delays 

reproductive behaviour in a species, this being the reason why regulation in the majority 

of local arthropods still remains unknown. A potential factor that might be involved is 

photoperiod (Denlinger 1986; Tanaka et al. 1987a). David et al. (2003a) showed that 

adult diapause and possibly also subadult aestivation in a French polydesmidan 

millipede were photoperiodically induced, even though all Polydesmida are known to 

be blind. However, given that breeding specimens in my experiments were, for the most 

part, maintained in outdoor enclosures (Chapter 3.1.6.2), i.e. under the same daylight 

regime as quiescent individuals in the field, a photoperiodic regulation of the dormancy 

in P. obliterata is unlikely. Another hypothesis is that avoidance of reproduction during 

the aquatic phase may be explained in terms of predation risk, since predatory 

arthropods also migrate to and dwell in the trunk area over this period (Chapter 

3.2.3.1.1). Furthermore, while pairs in my experiments on reproduction were kept 

single, intra- or interspecific competition for limited resources and more adequate 

oviposition sites on tree trunks may play an important role in the field. 

Although the tested external factors had no effect on the quiescence in P. obliterata, 

they affected the maximum length of the reproductive period (Table 14). When kept at a 

constant temperature of 24

re

p
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breeding period to a maximum of four months due to the drier conditions. When 

maintained without plaster as an additional moisture source, the reproductive period of 

l  not further diminished but rather, in part, extended 

st likely, this can be ascribed to additional resources, 

         

 the treatment without plaster as an additional source of moisture, the development of 

juveniles was more rapid, particularly for offspring from the upland population EB (Fig. 

fema es from both populations was

for one month (Table 14). Mo

given that the moist filter paper used to replace the plaster was treated as another food 

source (see below). Accordingly, a complete lack of supplementary fish food influenced 

the fecundity of females from both populations, reducing the reproductive period to a 

maximum of only two months due to the harshly restricted resources. This implies that 

food limitations may play a major role in the local regulation of reproduction in  

P. obliterata.  

Furthermore, the investigated external factors significantly influenced the 

postembryonic development of resulting offspring in P. obliterata during the 

observation period (six months; Table 11). The respective effects on the developmental 

rate of juveniles were population-specific, i.e. differed between specimens from the 

contrasting biotopes, floodplain forest MA and upland plantation EB (Figs 47 & 48).  

When maintained at a constant temperature of 24 °C, the average development of 

juveniles from both populations slowed down by approximately one stage compared to 

the control at higher, ambient temperature (Fig. 48; Tables 12 & 13). These findings 

correspond to other observations in the field (Fairhurst 1974) and laboratory (Kinkel 

1955; Halkka 1958) that higher temperatures accelerate the development of millipede 

juveniles. 

Immature stages were generally slower in growth when kept on bark instead of soil 

(Fig. 47), probably due to the lower humidity, but offspring from the inundation forest 

population MA (Table 12) were less affected than those from the upland population EB 

(Table 13). On bark, the average development was comparatively delayed for 

approximately 0.5 stages and one stage in juvenile stages from MA and EB, 

respectively. Here, the first individuals from MA reached adulthood only in the 5th 

month compared to the 3rd month in the control, whereas juveniles from EB generally 

took no less than six months to turn adult (Chapter 3.1.6.2). Hence, although both 

development and maturation were also affected, specimens from the inundation forest 

population MA were more tolerant to the dry conditions on bark than individuals from 

the upland population EB.  

In
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48; Tables 12 & 13). Here, immature stages were on average more than one stage older 

than in the control, and the first individuals reached adulthood already in the 4th month 

niles originating fcompared to the 6th month in the control. The juve rom MA were 

 adults only 

occurred in the 4th month, i.e. one month later than in the control. The accelerated 

growth of juveniles could have been due to hat the moist filter paper replacing 

controv y as her millipedes are capa e, 

has  ob  in a few os ut 

ms, and is probably due to the anim ls’ habit to zi 

-Lafisca ; Beck & Friebe 1981; Taylor 1982; Hopkin & Read 1992).  

llul ich nments such as banana stem  

uld have supported a microfauna more active in cellulose breakdown to use this 

cien Tha t explain why they gained a higher benefit from the 

plementary cellulose than did P. obliterata from the inundation forests. No lack of 

y fo  form  of an exosk eton after e ad 

e appare n thi ven that some m  

 for the production of a 

-rich cuticle even from ery low alcium content (Vohland et al. 2003), 

te able to do likewise from 

an 

id the relative air dryness. 

3.3.3 Synopsis 
led local variation in the relative abundance of P. obliterata in Central 

 densities ly to be influenc  the species’ 

tern, i.e. distribution along th nd introduction an, as well as 

mostly approximately 0.5 stages older compared to the control, but the first

the fact t

al food consisting of cellulose. Althothe plaster was readily accepted as addition ugh 

there is some ers to whet ble of digesting cellulos

cellulase activity  been served  species, m t likely derived from g

microorganis a eat their exuvia (Marcuz

& Turchetto 1977

P. obliterata in ce ose-r enviro  s on the plantation EB

co

resource more effi tly. t migh

sup

calcium (necessar r the ation el cdysis; cf. Hopkin & Re

1992) becam nt i s treatment. Gi illipedes from both local

inundation and upland forests can extract enough calcium

calcium  wood of v  c

the tiny P. obliterata in my experiments were evidently qui

the soil and bark provided. 

The effect of food deprivation (in the absence of fish food) on the development of 

juvenile millipedes was most severe, since almost all offspring died premature, with 

only very few subadults from the upland population EB surviving up to the 5th month 

(Fig. 48; Tables 12 & 13). Again, that emphasises the relative importance of available 

resources for reproduction in P. obliterata. Possibly, food limitations on tree trunks 

could have an even more deleterious effect on the survival of millipede juveniles th

d

 

The study revea

Amazonia. These biotope-specific are like ed by

colonisation pat e rivers a by m
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on other factors such as the availability of, and competition for, loc sources. Sites 

 species hold limited resou r those species th  follow, and 

resources appears to be an nt factor in bo ettlement and 

opulation dynamics of P. obliterata. 

the 

ater line and live in aggregations to reduce water loss. In addition, a response to 

ductions in relative humidity (due to a moderate El Niño in 2003) by adjusting their 

istance closer to the water line and by forming larger groups. Due to the low densities 

f single species in tropical forests (cf. Schaller 2005), individuals repeatedly form 

ixed groups with other small millipede species. Such species interactions occurred 

ore frequently in the drier year 2003, suggesting a secondary relevance of competition 

iven the acute constraints in moisture.  

ield observations point to two alternative reproductive strategies in P. obliterata from 

es. Whereas the species showed a 

 life cycle, i.e nti on uplands, its reproduction was 

ed to terr e life cycle 

may be an adaptation to minim urvival 

probability of offspring is low on d that the development 

of offspring from floodplain fem ay enable the 

establishment of two subsequent  that is restricted to  

5 to 7 months. 

gration or other traits can re  either genetic or 

environmental causes (cf. Dingl latter since vertical 

migration and discontinuous repr  observed in individuals from an 

upland population when expose onstrated 

that the univoltine life cycle in t dormancy 

bliter and  resumed after a return to 

al re

inhabited by other rces fo at may

abundance of importa th s

p

The terricolous P. obliterata has become adapted to annual inundation in the floodplain 

forests by means of survival strategies that are based on avoidance, i.e. a seasonal 

migration to tree trunks in direct response to the rising waters. The resulting arboreal 

way of life during the aquatic phase involves ethological and physiological adaptations 

to avoid dehydration. The local specimens, which were shown to be more tolerant to 

inundation (Wilck 2000), also appear more tolerant to the drier conditions compared to 

the specimens from upland sites. They select the most humid microhabitats near 

w

re

d

o

m

m

g

F

non-flooded and seasonally flooded biotop

plurivoltine . co nuous reproduction, 

univoltine and limit the estrial phase in floodplains. This univoltin

ise costs associated with breeding since the s

 tree trunks. Experiments showe

ales is relatively faster. This m

 generations in the terrestrial phase

Population differences in mi sult from

e 1991). Experiments suggest the 

oduction can also be

d to flooding. In addition, experiments dem

he floodplains is based upon optional adult 

(quiescence) in P. o ata,  that reproduction is rapidly
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more favourable conditions. The l remains 

to be clarified.  

Further, the experiments suggest a higher igration and 

restricted reproduction in specim he comparatively faster 

development rate in offspring o wever, appears to be 

field-derived and not geneticall al factors to which females 

were exposed in the field may development in their 

ing a m terna l investment per offspring 

and/or hormonal regulation. Mat ation and 

other life-history traits (Dingle 1 productive potential (Rossiter 

1991). These often ‘set the stage’ for a lifelong reaction to stressors by modifying the 

expression of genes in offspring that 

endocrinological responses to u & Fox 1998; Meaney 2001). 

Seasonality and availability of re  seem to 

f non- tic 987; Moran 

1992). Stress-induced effects an  several 

generations, and such ‘carry-ove  adaptive mechanisms on 

an ecological timescale, filling rm individual and long-term 

evolutionary adaptation (Jablonka et al. 1995). According to Jablonka et al. (1995), 

these mechanisms might underlie the frequently observed rapid adaptation in invading 

and 2001; Reznick & 

e flexibility in 

phenotype is clearly an adaptiv  species such as P. obliterata that 

colonises different biotopes. 

 
 
 

 external cue (‘trigger’) for its regulation stil

disposition for both vertical m

ens from floodplain forests. T

riginating from this biotope, ho

y inherited. Environment

 induce a different mode of 

offspring, suggest a l effect, i.e. larger parenta

ernal effects are frequently observed for migr

991) e.g. growth and re

regulate behavioural, physiological and 

stressors (Moussea

liable cues, such as in the inundation forests,

favour strategies o gene  phenotypic variation (McGinley et al. 1

d stress-resistance strategies often persist for

r-effects’ are suggested to be

the gap between short-te

populations e.g. in behaviour and life history (cf. Mooney & Clel

Ghalambor 2001; Hänfling & Kollmann 2002). The resulting adaptiv

e advantage for a
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4 GENETIC VARIA
4.1 Material and Methods

 
The sampling scheme was desi ability both within and 

between populations of P. oblit opes. Individuals were sampled 

from ten locations situated in the nia State, Brazil (Fig. 50), 

and one locality approximately ownstream the Amazon River at 

Macapá; Amapá State, Brazil (Tab apá 

(AM), were upland plantations, were placed in inundation forests 

along the rivers Negro and So  thereby representing four 

different biotope types (Table 17 land locations (AM) 

as geographically very remote, an additional site near Manaus would have been 

dvantageous for the estimation of the respective intra-biotope variability. During 

mpling, however, P. obliterata could not be found in the local upland forests, i.e. the 

apoeira’ at the river Tarumã Mirím (Chapter 3.1.1.2) or the rainforest at the ‘Reserva 

. Ducke’ (2°56’ S, 59°58’ W; Chapter 3.1.1.4.2), where the species is known to be 

re (Golovatch, pers. commun.). The mixedwater area is territorially restricted, thus 

ffering only one site for collections. Since P. obliterata is possibly dispersed by river 

 were chosen along the rivers Negro and Solimões, i.e. 

within the black- and whitewater inundation forests. Three of the selected sites were 

naus (Fig. 50), whereas the fourth site was located further 

in one biotope type, samples from different 

paring specimens from different 

ost of the locations were sampled once (PG, AV, 

, IP, IC) in the year 2003, while at four sites (MA, TM, LJ, EB) 

02/2003, but all data presented were pooled 

ly adults or subadults, were 

age and sex of the respective specimens were 

 a freezer at -70 °C until processed. To 

investigations, a collection  the 

ifferent sites was preserved in alcohol. 

 

TON 
 

4.1.1 Sample Collection

gned to assess allozyme vari

erata in different biot

 vicinity of Manaus, Amazo

1,000 km further d

le 17). Two sample sites, Embrapa (EB) and Am

whereas the others 

limões, the sample sites

). Given that one of the selected up

w

a

sa

‘C

A

ra

o

(Chapter 1.2.2), four sample sites

situated upstream of Ma

downstream. With regard to analyses with

sites are referred to as subpopulations. When com

biotopes, I will refer to populations. M

PQ, AM) or twice (JC

monthly collections were conducted in 20

for each location. Each 30 to 50 random individuals, main

taken. The date of sampling as well as the 

recorded. They were frozen alive and stored in

enable supplementary taxonomic of P. obliterata from

d
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Figure 50. Sample sites of P. obliterata in t
the position of Amapá State where addition
Island: IP, Marchantaria Island: MA, Carei
Tarumã Mirím River: TM, Puraquequara Riv
  
Table 17. Sample sites of Poratia obliterata 

Location Abbr. Biotope

Lake Janauacá JC Várzea 

Paciência Island IP Várzea 

Marchantaria Island MA Várzea 

Careiro Island IC Várzea 

Praia Grande PG Igapó 
Anavilhanas Islands 
A 
B 

AV Igapó 

Tarumã Mirím River TM Igapó 
 

w

  fi
  fi

A
B 
Puraquequara River PQ Igapó 

Lake Janauarí LJ Várzea 
(mixed

Embrapa 
Amapá 

EB
AM

Terra
Terra

 

        

IP

Negro River 
 Amazon River 

anaus 

   

0______________1000 km

M

Solimões River 

 150
        

JC
he vicinity of
al specimens 
ro Island: IC,
er: PQ, Lake J

subpopulation

 type N° o
(used
samp

1

8

1

9

9
 
4
2
 
8

ater

rme 2
rme 4

7

6

& Igapó 1
) 
        

MA
LJ
        
 Manaus, AM, Brazil. The inset map in
were sampled. (Lake Janauacá: JC, Pa

 Praia Grande: PG, Anavilhanas Island
anauarí: LJ, Embrapa: EB). 

s tested for enzyme variability. 

f sub sites 
 for 
ling) 

GPS-data (study area c

1 03°22.16 S    060°09.38

 03°18.61 S    060°11.55

9 03°14.83 S    059°57.32

 03°08.76 S    059°36.16

 03°02.65 S    060°31.90

 
 
A: 03°00.68 S    060°29

 B: 02°59.98 S    060°26

 
 
A: 03°01.03 S    060°10

03°04.80 S    059°51.50

5 03°13. °01.18

0 02°53.
 00°38.

 B: 03°01.69 S    060°09

 

12 S    060

62 S    059°59.35
20 N    051°18.5
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4.1.2 Agarose Isoel tric Foc  (AG
.1 Samp para on 

A minimum number of 30 adult or subadult individuals, with the exception of a few 

ge, per location were genotyped at six enzyme loci 

 Gel ec ussing IF) 
4.1.2 le Pre ti

juveniles of the 6th developmental sta

(enzyme commission classification numbers, EC, and abbreviations of the loci are listed 

in Table 18). This number yielded sufficient accuracy on the allele frequencies of the 

subpopulations. However, some specimens did not provide staining results for some of 

the loci. Therefore, sample sizes of a few data sets were reduced (see N in Table 24).  

 
Table 18. Enzymes studied for genetic variability. The enzyme commission classification number (EC) 
and the abbreviations of loci are listed. Abbreviation: s, soluble isozyme. 

Enzyme EC  Locus 

Acid Phosphatase  3.1.3.2  ACP 

Glutamate-oxalacetate Transaminase (s) 2.6.1.1 GOT 

Malic Enzyme (s) 1.1.1.40 ME 

Glucose-phosphate Isomerase 5.3.1.9 PGI 

Phophoglucomutase 2.7.5.1 PGM 

Pyruvate Kinase 2.7.1.40 PK 
 

Single individuals were placed in an Eppendorf vial filled with 100 µl homogenisation 

°C. For juveniles of the 
th  only the mixture we sequently, the sample was 

sted at am nt temperature and hom c disintegration (Table 

hen the ogenate was frozen for  -20 °C. It was finally 

osted at am nt temperature and centr at 10 000 rpm prior to 

pplication on gel. The remaining qu ld storage at -20 °C.  

 

 

buffer (Table 19) and 20 µl DTT (Table 20) and frozen at -20 

6  stage  80 µl of re applied. Sub

defro bie ogenised by ultrasoni

21). T hom  at least two hours at

defr bie ifuged for 5 minutes 

the a  up antity was kept in co
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Table 19. Staining solutions and homogenisation buffer 

Description  pH Chemical composition 

Homogenisation buffer 7.4 10 ml of 0.12 M Tris, 0.1 M Histidine-HCl buffer: 

4 mg EDTA-Na2 (Tritiplex III) (Merck) 

          1.5 g Tris(hydroxymethyl)-aminomethane (Serva) 

          2.2 g L-Histidine-HCl (Serva) 

          ad 100 ml A. dest. 

1 g sucrose (Serva) 

ACP staining solution 4.6 6 ml of 1 M Na acetate:  

        8.2 g Sodium acetate (Sigma) 

        10 ml Acetic acid [> 99 %] (Merck) 

        ad 100 ml A. dest. 

30 mg 1-Naphthyl phosphate (Sigma) in 1 ml A. dest. 

B (Sigma) in 1 ml H2O (vortexed) 

a) 

 0.2 M Tris, 0.19 M Histidine-HCl buffer: 

        2.4 g Tris(hydroxymethyl)-aminomethane (Serva) 

idine-HCl (Serva) 

idazole (Sigma) 

50 mg Fast Blue B

GOT staining solution 8.0 8 ml of Tris-Aspartic acid buffer: 

        6 g Tris(hydroxymethyl)-aminomethane (Serva) 

        2 g L-Aspartic acid (Sigma) 

        ad 100 ml A. dest. 

10 mg NADH (Sigma) 

90 mg α-Ketoglutaric acid (Sigma) 

5 mg Pyridoxal 5´-phosphate (Sigm

5 mg MTT (Merck & Sigma) 

35 µl Malate Dehydrogenase (Sigma) 

ME staining solution - 8 ml of Tris-Malic acid buffer: 

        6 g Tris(hydroxymethyl)-aminomethane (Serva) 

        3 g Malic acid (Serva) 

        ad 100 ml A. dest. 

40 mg MgCl2*6H2O (Serva) 

10 mg MTT (Merck & Sigma) 

25 mg NADP (Sigma) 

100 µl Meldola´s blue (2mg/ml A. dest) (Sigma) 

PGI staining solution 7.6 8 ml of

        4 g L-Hist

        0.2 g Im

        0.1 g MgCl2*6H2O (Serva) 

        ad 100 ml A. dest. 
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Description  pH Chemical composition 

PGI staining solution 7.6 6 mg D-Fructose-6-phosphate (Sigma) 

10 mg MTT (Merck & Sigma) 

15 mg NAD (Sigma) 

35 µl Glucose-6-phosphate Dehydrogenase from Leuconostoc  
mesenteroides (Sigma) 

100 µl Meldola´s blue (2mg/ml A. dest) (Sigma) 

PGM staining solution 8.0 8 ml of 0.5 M Tris-HCl buffer: 

        6 g Tris(hydroxymethyl)-aminomethane (Serva) 

        25 ml 1 N HCl (Merck) 

        ad 100 ml A. dest. 

15 mg α-D-Glucose-1-phosphate (Serva) 

2 mg α-D-Glucose-1,6-bis-phosphate (Sigma) 

10 mg MgCl2*6H2O (Serva) 

10 mg MTT (Merck & Sigma) 

15 mg NAD (Sigma) 

50 µl Glucose-6-phosphate Dehydrogenase from Leuconostoc  
mesenteroides (Sigma) 

100 µl Meldola´s blue (2mg/ml A. dest) (Sigma) 

PK staining solution 7.8 8 ml of 0.3 M Tris, 0.23 M Histidine-HCl buffer: 

        3.64 g Tris(hydroxymethyl)-aminomethan (Serva) 

        4.8 g L-Histidine-HCl (Serva) 

        0.74 g KCl (Merck) 

        1 mg MgCl2*6H2O (Serva) 

        ad 100 ml A. dest. 

15 mg Adenosine 5´diphosphate (Sigma) 

25 mg Phosphoenolpyrovate (Sigma) 

11 mg NADH (Sigma) 

10 mg MTT (Merck & Sigma) 

35 µl L-Lactate Dehydrogenase (Sigma) 
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Table 20. Chemicals and consumables 

Product description Prepared solution 

Dithiothreitol (DTT) (Sigma) 1 mg DTT/ml A. dest. 

PlusOne Repel-Silane ES (Amersham biosciences)  

GelBond film (agarose) 124 x 258 mm (Amersham biosciences) 

Gel-Fix® for agarose 125 x 258 mm (Serva) 

 

Agarose IEF (Amersham)  

Ampholytes, FlukaBrand, IEF carrier ampholytes 
Ampholyte solutions pH 3.0-10.0, 4.0-6.0, 5.0-7.0, 5.0-8.0,     40 % in 
water, for electrophoresis (Sigma) 

 

Electrode strips (Amersham)  

Filter paper 0857 (Schleicher & Schuell Ltd.)  

Phenazine Methosulfate (PMS) (Sigma) 1 g PMS/20 ml A. dest. 

 

Table 21. Laboratory equipment 

Product description 

Ultrasonic disintegrator 50 W (Neo Lab) 

Glass plate, 260 x 125 x 3 mm (Amersham biosciences) 
Glass plate, 260 x 125 x 2 mm, U-frame (Amersham biosciences) 

Multiphor™ II (flatbed) Electrophoresis System (Amersham biosciences) 

Application strip silicone, 54 holes per 10 µl (Desaga Ltd.) 

 

4.1.2.2 Preparation of the Agarose Gel 
First the casting cassette had to be assembled (Tables 20 & 21). Following the 

instruction manual, the inner surface of the spacer plate (glass plate with a U-frame; 

Table 21) was coated with Repel-Silane (Table 20). Its hydrophobic side down, a 

GelBond film (Table 20) was placed onto the moistened glass plate without U-frame 

(Table 21). Using a roller, the foil was attached evenly to the plate, simultaneously 

removing bubbles and excessive water. The spacer plate was placed on the glass plate 

and the cassette was clamped together. It was warmed for 10 minutes in a heating 

cabinet at 70 °C. In the meantime 2 g sucrose, 170 mg agarose IEF (Table 20) and       

15 ml de-ionised water were added into an Erlenmeyer flask (100 ml). The mixture was 

boiled for 1 minute in a microwave oven until the agarose dissolved completely. The 

process had to be disrupted every 15 to 20 seconds to agitate the flask and prevent the 
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liquid from boiling over. After the solution had cooled to 60 to 70 °C, the carrier 

 22) were added rapidly. The liquid gel was filled up to 17 ml 

by heated de-ionised water and subsequently injected between the spacer plate and 

 °C. After 1 hour, the gel (125x260x0.5 mm) could be 

oved from the cassette. It was stored in a humidity chamber overnight in the 

refrigerator and could be kept for up to one week. The thus prepared agarose 

electrofocussing gel of 1 % (w/v) molten agarose IEF contained 11.8 % (w/v) sucrose 

and 7.6 % (v/v) carrier ampholytes. 

 
Table 22. Composition of carrier ampholytes for gels with wide and basic pH gradients. The pH range of 
the ampholyte solutions in which the enzymes were analysed is listed.  

pH gradient pH range of the ampholyte solution Enzyme  

ampholytes (Tables 20 &

GelBond film. The cassette was left to stand for 15 minutes at ambient temperature and 

then placed in a refrigerator at 1

rem

 3.0-10.0 4.0-6.0 5.0-7.0 5.0-8.0  

wide 500 µl 400 µl - 400 µl ME, PGI, PK, ACP 

basic 500 µl - 400 µl 400 µl PGM 

basic 300 µl - 1000 µl - GOT 

 

4.1.2.3 Isoelectric Focussing 
The gel was placed onto a moistened cooling plate of the Multiphor™ electrophoresis 

hamber (Table 21) at 12 °C, using approximately 1 ml water. The surface of the gel 

   

ution was 1 M NaOH. Each     

aper (Table 20) were positioned in line 

21).  

ple was applied once again in the end.  

the voltage became 500 V. The run was 

c

had to be dried carefully by applying moist filter paper. The anolyte solution was  

0.01 M H2SO4, or 0.1 M H3PO4 (GOT); the catholyte sol

2 ml of the electrolyte solution were applied per electrode strip. For a sample 

application, up to 33 squares (5x5 mm) of filter p

at a certain distance to either anode or cathode (Table 23). In case of the PK the samples 

were applied using an application strip (Table 

Depending on the particular enzyme system, 7 to 10 µl (Table 23) of the supernatant 

from each sample vial were applied per paper square. To estimate displacements of the 

pH gradient at the edges of the gel, the first sam

Maximum settings of the power unit were: V = 1500, mA = 50 and W = 10. After 

starting the run the power was raised until 

finished after 45 to 60 minutes when a voltage of 1250 V was reached.    
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Table 23. Volume of sample solution and application area for six enzymes. 

Enzyme  Volume (µl) Application area  

ACP 7  2 cm apart from cathode 

GOT 9  2 cm apart from cathode 

E 7  2 cm apart from cathode 

PGM 

PK 

M

PGI 7  1 cm apart from anode 

9  1 cm apart from cathode 

7 2 cm apart from cathode 

 

4.1.2.4

Directl

i.e. the

Formaz

stainin

was ap rface. The staining solution was left to act in an opaque case at 

In case

light an

The sta

the gel

and sav

The ge

a heating cabinet until the paper peeled off. The dried gel and staining paper were 

 

4.1.2.5

The st a particular enzyme 

differe

Monom

or doub

while h

 Staining Procedure 
y after separation, the gel was stained to visualise the allocation of the proteins, 

 enzyme reaction was combined with the formation of a dye, in most cases 

an. A piece of filter paper was soaked with 6 to 8 ml of the freshly prepared 

g solution (Table 19). After excess liquid was left to drip off, the staining paper 

plied to the gel su

ambient temperature until the bands were distinctly visible.  

 of PK and GOT, the formation of bands was monitored under long wave UV 

d visualised by immersion in a PMS solution (Table 20).  

ined gel was placed between two overhead foils on a flatbed scanner. Figures of 

 with and without paper overlay as well as the staining paper itself were taken 

ed on disk. 

l was watered overnight and then covered with a wet filter paper and left to dry in 

deposited in clear plastic binders, stored in a folder and kept in a dark and dry place. 

 Interpretation of Zymograms 
aining patterns represented the phenotypic variation of 

encoded by different alleles at the respective locus. The electromorph configuration of 

nt enzymes generally demonstrated that Poratia obliterata is a diploid organism. 

eric enzymes (PGM, PK, and ACP) are shown phenotypically with either single 

le bands. Heterozygotes for dimeric enzymes (PGI, GOT) show triplet patterns, 

eterozygotes for the tetrameric ME exhibit five bands.  
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Single 

followi t: individuals sharing the same allozyme phenotype may possess amino 

defined

hidden rlich 1988). 

Gene products with increasingly acidic IEPs (isoelectric points) were termed by even 

Consequently, genotypes were coded with tw

representing

equal num

 

4.1.3 

on), and also to test for deviations of genotype distributions from 

Hardy-Weinberg equilibrium as well as genotypic linkage disequilibrium between pairs 

              

e 

k h e t bioto es was tested  n n-par metrical Krusk l

Sa s 1 9 ing soft S versi .1.  I te 2003

n add n, analogous t er o f le d pi

ifferen tion n f l as s p n le an

ultilo  est  ir s e e d es ee

ubpop tions  c t  eig a is v e  &

ocker  19 u s f  s l  ted th

ability tha ue a p tion q  z a la  th

STAT rogra  (Goudet 1995). The  values were used to estima  the lev  of gen

(M  in the test n is n o c n at 93

erform  in G O g  d s ee rs bp on

ere ca ulated e p m w.f )  d sa ite

entres able era l r nd T e n  o ant

allozyme bands were assumed to correspond to unique alleles, but with the 

ng cavea

acid substitutions that do not result in detectable mobility differences. Hence the here 

 ‘electrophoretic’ genotypes in fact may contain increased genetic variation, i.e. 

 polymorphism (Mitchell et al. 2004; Spe

numbers, while those with more basic IEPs were designated by means of odd numbers. 

o-digit numbers, with different numbers 

 heterozygotes according to the varied mobility of their gene products, but 

bers denoting homozygotes. 

Data Analysis and Statistics 
The GENEPOP software package, updated version 3.4 (Raymond & Rousset 1995) was 

used to estimate allele frequencies and average heterozygosity (Hobs and Hexp; the 

number of observed and expected heterozygotes, respectively, were computed using 

Levene’s correcti

of loci. The effective number of alleles was manually calculated according to  

k = 1/(1-H) (Sperlich 1988). The significance of multiple, pairwise comparisons of both 

ke and /ke in t e differ n p by the o a al-Wa lis-

test ( ch 9 9) us the ware AS, on 9 (SAS nstitu  Inc. ).  

I itio  probability ests w e perf rmed or al lic an genoty c 

d tia betwee pairs o  popu ations well a subpo ulatio s. Sing  locus d 

m cus imates of pa wise FST a short-t rm g netic istanc  betw n 

s ula  were ompu ed by a ‘w hted nalys ’ of arianc (Weir  

C ham 84). M ltilocu  FIS or all ubpopu ations were estima  and e 

prob t F-val s over ll sub opula s une ualled ero w s calcu ted by e 

F  p m FST te el e 

flow ) for ge etic olatio by ge graphi  dista ce (Sl kin 19 ) 

p ed ENEP P. Linear geo raphic istance  betw n pai  of su opulati s 

w lc  by th DIST rogra  (ww cc.gov  using GPS- ata of mple s s 

c  (T 17: av ge va ues fo  AV a  TM). he eff ctive umber f migr s 

 157



Genetic Variation 

(Nm) exchanged between local subpopulations in a subdivided population was 

e allele me

EPO erf s te for l  sa m s of  Ma v 

chai ox ex t m t not tru o

subpopulations was carried out using the so

Using the Ar  m ion  e  a 0), er i

diffe  a  the  o n re te e

-statistics. Mantel tests were performed under 1000 random 

perm ns t ul e

anal  m l a M   l uen as r

The effects of biotope type, ecological it n gr po

h rob lity havi mor xtr  va ce c onents than e 

obse va y c e e u 5 and erm

pop s a , du ro p n wi e 

and du o s t d h ir o l p i

For ati t  ica v  w ce h

Bon i p r a  w u r e in  to ensate 

for a tin c e  e R 9 c  W 6)

Genetic distances based on allelic (Nei 1978) and genotypic frequencies (Tomiuk & 

Loeschcke 1991) between pairs of subpopulations were estimated using the POPDIST 

prog ver 1 G nd t

calc y s fe e ra  th s o  

nd Tomiuk & Loeschcke’s calculated genetic distances were constructed by the 

 software package 

(Kumar et al. 2001) and were subsequently revised in Microsoft PowerPoint. 

calculated according to the privat thod (Slatkin 1985).  

As GEN P p orm sts arge mple sizes solely by ean the rko

n appr imation, the Fisher- act tes  to co pare he ge ypic s cture f the 

ftware SAS (SAS Institute Inc. 2003).  

lequin progra , vers  2.000 (Schn ider et l. 200  the av age pa rwise 

rences mong and within  study subp pulatio s we compu d bas d on 

conventional F

utatio . To evaluate he pop ation g netic structure, a locus-by-locus hierarchical 

ysis of olecu ar vari nce (A OVA) based on alle e freq cies w  perfo med. 

cond ion a d geo aphic sition were 

analysed. T e p abi  of ng e e eme rian omp  th

rved lues b  chan e alon was t sted nder 000 r om p utations of 

ulation cross groups  indivi als ac ss po ulatio s but thin th same group, 

indivi als acr ss population withou  regar  to eit er the rigina opulat on or 

group.  

all st stical ests a signif nce le el of 5 % as ac pted. T e sequential 

ferron rocedu e was pplied hen m ltiple tests we e don  order  comp

n infla g effe t of th  type I rror P ( ice 1 89; Ja card & an 199 . 

ram, sion .1.1 ( uldbra tsen e  al. 2000), with the standard errors being 

ulated b  mean  of the Jackni  procedure. D ndrog ms on e basi f both Nei’s 

a

neighbour-joining method (Saitou & Nei 1987) using the MEGA2
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4.2 Results 
4.2.1 Zymograms 
Details of selected enzymograms of the enzyme systems PGI, PGM, ME, GOT, PK and 

ACP are shown in Figure 51. 

 

 

Figure 51. Details of selected zymogram nd  
a ap la

zy  p e -2 -
 of PGM, p  5  2

° 3: zymogram of ME, phenotypes: 5-1, 1-1, 2-1, 1-1. 
N° 4: zymogram of GOT, phenotypes: 3-3, 1-1, 3-1, 3-1. 

 

all’ bands as homozygotes.  

s of the PGI, PGM, ME, GOT, PK a ACP systems. Scan of
gel & st ining p er over y. 
N° 1: 

° 2: zy
mogram
mogram

of PGI, henotyp
phenoty

s: 9-3, 6
es: 4-4,

, 8-2, 9
-3, 1-1,

8. 
-2. N

N

N° 5: zymogram of PK, phenotypes: 2-1, 2-1, 1-1, 1-1. 
N° 6: zymogram of ACP, phenotypes: 3-1, 2-1, 2-1, 1-1. 

All six loci were polymorphic accepting the 95 % criterion, i.e. the frequency of the 

most common allele was lower than 0.95 (Sperlich 1988). 

PGI shows up to eight distinct gene products with single bands in the homozygous and 

three banded patterns in the heterozygous state. 

PGM displays six different electrophoretic positions; homozygous individuals have one 

band, heterozygotes a double banded pattern. 

ME is revealed as up to four distinct gene products. Since it has been described as a 

tetrameric enzyme (Harris & Hopkinson 1976), ‘broad’ bands were interpreted as 

heterozygotes, ‘sm

GOT exhibits three different electrophoretic positions, the more common genotypes 

GOT 1-1, GOT 3-1 and GOT 3-3 are shown. 

PK and ACP show two and four distinct gene products, respectively. Heterozygotes are 

displayed as two bands with equal intensity. 
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4.2.2 Allelic Variation within and among Biotope Types 
The allele frequencies for the six enzyme loci in each subpopulation are presented in 

Table 24. Some remarks on the most frequent alleles and population specific differences 

eles 4, 6 and 8 were the most common across all biotope types, their 

b y ra

However, additional alleles occurred relatively frequent in individual 

ent biotope types; e.g. allele 1 with a frequency of 0.167 

in MA (Várzea) and LJ ater); allele 2 with a frequency of 0.150 and 

.167, r ely, in J ea) and AM a firme); allele 5 with a 

frequency of 0.150 in JC (Várzea); and allele 9 with a frequency of 0.150 and 

233, r ly, in JC ) and TM (Igapó). Allele 3 was less frequent 

(0.033 to 0.133) in all biotopes and absent from two (AV, TM) of the four Igapó 

e), 

llele st common, its frequency ranging from 0.444 to 0.790 in the 

remaining nine subpopulations. Allele 2 was m frequent in AV ( 5) and 

l frequencies (0.156-0.359) in the other 

subpopulations. Allele 1 was absent on Terra firme but occurred in low 

frequencies (0.011-0.163) in six of the nine inundation forest (Várzea, Igapó, 

ixedwater) subpopulations. Allele 6 was private to the subpopulation PG 

gapó). 

Four alleles were recorded at the ME locus, but allele 1 was the most frequent in 

0.967. Alleles 2 and 3 

5 to 1.000. All individuals of the subpopulation AM (Terra 

firme) were homozygous GOT 1-1. With the exception of the subpopulation IP 

(Várzea), allele 3 was the second common one, its frequency ranging from 0.033 

up to 0.405. Allele 2 was rather frequent (0.233) in the subpopulation IP 

are given hereafter.  

 

PGI: All

com ined frequenc nging from 0.416 to 0.783 within the subpopulations. 

subpopulations of differ

(mixedw

0 espectiv C (Várz  (Terr

0. espective  (Várzea

subpopulations.  

PGM: With the exception of the subpopulations AV (Igapó) and AM (Terra firm

a  3 was the mo

ost 0.56

AM (0.806), but also revealed substantia

m

(I

ME: 

all populations, with its frequency ranging from 0.750 to 

showed no consistent frequency across biotope types, either of them being the 

second common allele with a frequency of 0.067 to 0.145. 

GOT: Allele 1 was the most frequent allele at the GOT locus for all populations and 

ranged from 0.59
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(Várzea), but only occurred (0.167) in two other subpopulations (PG and AV; 

Igapó). 

PK: High frequencies up to 0.806 were found for either of both alleles 1 and 2, but no 

t patterns of al e frequency distribution across subpopulations within 

 biotope type revealed.  

ACP:  were recorded at the ACP locus. Allele 1 was most fr

 0.552 to 0.83. Allele 2 was the second common 

17-0.310) i iotopes. Whereas allele 3 was relatively frequent 

n the subpop n AM (Terra firme), it was only found in low 

ies (0.017-0.  some subpopul ns of the inund forests 

Igapó and m ter). Allele 4 was private to the subpopulation IP 

Sum  consistent  of allelic variation of subpopulations within and 

among biotope types could be observed. The mean number of alleles per locus (A) 

range o 4 and was  across all eleven subpopulations and four biotope 

types (Table 24). 

able 24. Allele frequencies at six enzyme loci for all eleven subpopulations grouped into four biotope 
types. The mean number of alleles per locus (A); expected and observed level of heterozygosity (Hexp, 

ixedwater; TF, Terra firme.    

MW   TF  

consisten lel

or among s were 

 Four alleles equent in all 

populations and ranged from

allele (0.1 n all b

(0.138) i ulatio

frequenc 059) in atio ation 

(Várzea, ixedwa

(Várzea).  

marising, no patterns

d from 3 t similar

T

Hobs) and number of specimens analysed (N) are given. Abbreviations: MW, m

Locus Allele Várzea    Igapό    

JC IP MA IC PG AV TM PQ LJ EB AM 
 30 
33 0.050
17 0.167
17 0.100
50 0.300
00 0.017
17 0.067
00 0.150
67 0.150
81 0.834

  

67 0.700

 31 
00
06

0.194
32 0.172 0.298 0.067 0.130 0.177 0.120 0.083 0.158 0.054 0.000

000 
0.000 

0.016 
0.000 

0.032 
0.000

0.050 
0.000

0.037 
0.074 

0.016 
0.000

0.000 
0.000

0.000 
0.000 

0.000 
0.000 

0.033 
0.000

0.000 
0.000

0.349 0.544 0.642 0.510 0.704 0.627 0.669 0.447 0.636 0.566 0.317exp
Hobs

6 
 

0.226 0.469 0.447 0.300 0.407 0.355 0.522 0.200 0.526 0.413 0.194

30 30 30 30 30 29 30 30 30 30
0.000 0.050 0.167 0.017 0.083 0.172 0.067 0.083 0.167 0.0
0.150 0.133 0.133 0.083 0.100 0.155 0.067 0.167 0.067 0.1
0.133 0.033 0.067 0.017 0.017 0.000 0.000 0.050 0.067 0.0
0.083 0.350 0.167 0.117 0.167 0.379 0.117 0.183 0.033 0.1
0.150 0.017 0.000 0.000 0.000 0.000 0.083 0.000 0.050 0.0
0.000 0.267 0.117 0.483 0.300 0.241 0.233 0.350 0.400 0.3
0.333 0.033 0.217 0.183 0.233 0.034 0.200 0.133 0.100 0.3
0.150 0.117 0.133 0.100 0.100 0.017 0.233 0.033 0.117 0.0
0.810 0.783 0.858 0.714 0.814 0.756 0.836 0.801 0.789 0.7

PGI 
 
 
 
 
 
 
 
 
Hexp
Hobs

N 
1 
2 
3 
4 
5 
6 
8 
9 

0.700 0.733 0.633 0.367 0.733 0.448 0.667 0.767 0.733 0.4
           
31 32 47 30 27 31 46 30 38 46
0.000 0.016 0.011 0.000 0.019 0.081 0.163 0.000 0.079 0.000 0.0
0.177 0.157 0.160 0.217 0.296 0.565 0.217 0.200 0.224 0.359 0.8
0.790 0.641 0.500 0.667 0.444 0.161 0.500 0.717 0.539 0.554
0.0
0.

 
PGM 
 
 
 
 
 

 
N 

1 
2 
3 
4 
5 

 
H
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4.2.3 Heterozygosis and Hardy-Weinberg Distribution 
The mean degree of observed heterozygosity (Hobs) noted in the eleven subpopulations 

of P. obliterata ranged from 0.300 to 0.484, while the mean expected degree of 

heterozygosity (Hexp) ranged from 0.364 to 0.510 (Table 24). Whereas the lowest mean 

level of heterozygosity was observed in Várzea (0.378) and Igapó (0.373) populations, 

the Terra firme (0.417) and particularly the mixedwater inundation forest population 

(0.484) comprised higher proportions of heterozygotes.  

terestingly, 40 % of all comparisons across six loci showed distinct deviations among 

e observed and expected number of heterozygotes in the eleven subpopulations, more 

Locus Allele Várzea    Igapό    MW   TF  

JC IP MA IC P PQ LJ EB AM 
34 30 30 29 26 29 33 31 

0.931 0.750 0.933 0.883 0.967 0.810 0.923 0.828 0.818 0.806
03 0.000 0.000 .067 00 17 .000 0.000  .00
00 0.069 91 00 0.017 17 38 7 03 0.1
00 0.00 059 00 0.000 00 0 69 61 
8 .13 03 7 13 66 7 5 0 

 
ME 
 
 
 
 
Hexp
Hobs

 
N 

1 
2 
3 
5 

38 3 00 67 0.233 67  0.3 4 
            

GOT 
 
 
 
Hexp
Hobs

 

1 
2 
3 

0.167 0.235 0.222 0.619 0.133 0.067 0.200 0.333 0.258 0.000
          

30 31 27 30 30 29 28 31 29 33 29 
0.800 0.565 0.352 0.567 0.383 0.724 0.321 0.806 0.569 0.394 0.328

0.431 0.606 0.672
0.325 0.500 0.465 0.499 0.481 0.407 0.444 0.317 0.499 0.485 0.448

 
PK 
 
 
Hexp
Hobs

 

1 
2 

 
ACP 
 
 
 
 
Hexp
Hobs

 

1 
2 
3 
4 
 

2

All 
loci 

 

A  
Hexp  0.3
Hobs  

G AV TM 
30 29 29 

0.897 
0.1 0  0.1 0.0 0 0.000 0.015 0

06 0.1
0

0.0
0.0

 0.1
0 0.

0.0
0.0

0.0
 0.0

0.1
0.052

0.07
0.00

0.1
0.0

45
0.0480.0

0.1
0.1

9 0
0.1

1 0.4
8 0.5

 0.12
 0.0

 0.2  0.0
0.0

0.32
0.379

0.145
0.154

0.30
0.310

0.32
6

0.332
0.355

21 30 34 27 21 30 30 30 30 31 30 
0.833 0.717 0.882 0.852 0.595 0.867 0.967 0.900 0.700 0.871 1.000
0.000 0.233 0.000 0.000 0.000 0.017 0.000 0.017 0.000 0.000 0.000
0.167 0.050 0.118 0.148 0.405 0.117 0.033 0.083 0.300 0.129 0.000
0.285 0.437 0.211 0.257 0.494 0.239 0.066 0.186 0.427 0.228 0.000

N 

0.238 
 

N 

0.200 0.435 0.648 0.433 0.617 0.276 0.679 0.194

0.333 0.484 0.482 0.533 0.367 0.414 0.571 0.323 0.586 0.667 0.517
           
30 29 38 29 28 26 34 29 34 38 29 
0.833 0.690 0.816 0.707 0.821 0.808 0.794 0.828 0.750 0.776 0.552
0.117 0.276 0.158 0.276 0.161 0.192 0.206 0.172 0.191 0.224 0.310
0.050 0.017 0.026 0.017 0.018 0.000 0.000 0.000 0.059 0.000 0.138
0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.295 0.456 0.313 0.431 0.305 0.317 0.332 0.290 0.403 0.352 0.590

N 

0.267 0.379 0.316 0.586 0.357 0.385 0.353 0.345 0.412 0.447 0.6 1
           

3.00 4.00 3.67 3.33 3.83 3.50 3.50 3.17 3.67 3.67 3.16 
0.375 0.475 0.482 0.423 0.502 0.402 0.446 64 0.510 0.455 0.420
0.317 0.395 0.435 0.346 0.453 0.300 0.426 0.331 0.484 0.436 0.398

In

th
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precisely, 29 % of the comparisons exhibited heterozygous deficiencies, while 11 % 

revealed an excess of heterozygotes (predominantly at the PK locus). 

oweve hen ng f ard einb

o  fi es loc  a ; oc  a ; lo ; 

25) devia ed significan om H e  e riu c  a

significance level (applying seq l B ro ce  su ing ni

lack of heterozygotes in the respective subpopulations.   

 25. Tests of Hardy-Wein erg equilibrium in en su opula f P rat x e
loci. Bold bers consider significant deviations rom Ha y-Weinb rg di n ng 
si cance level (ap ying sequential Bo ferroni p dure).

oci Subpopulation           

H r, w  testi or H y-W erg proportions, the genotype distributions of 

nly ve cas (PGI us: IC nd EB PGM l us: PG nd AV  GOT cus: IP Table 

t tly fr  the ardy-W inberg quilib m, ac epting  5 % 

uentia onfer ni pro dure), ggest  a sig ficant 

 
Table b  elev bp tions o . oblite a for si nzyme 

num  f rd e stributio accepti a 5 % 
gnifi pl n roce   

L

 JC IP MA IC PG AV TM PQ LJ EB AM 

PGI 0.109 0.328 0.007 0.000 0.478 0.002 0.026 0.594 0.182 0.000 0.013 

PGM 0.076 0.779 0.012 0.009 0.000 0.000 0.034 0.001 0.111 0.134 0.054 

ME 0.249 1.000 0.381 0.101 1.000 1.000 0.607 1.000 0.497 

OT 0 1.000 0.454 0.367 0.058 1.000 1.000 0.378 1.000 - 

PK 1.000 1.000 1. 0.252 1.000 0.196 1.000  1 

CP 2 1. 0.0 1.00 0.54 .000 558 00 8 

1.000 1.000 

G 0.448 0.00

1.000 000  0.453 0.035 0.67

A 0.59 0.018 000 85 0 5 1  0. 1.0 0.15 0.704 
 

4.2.4 ct u  o le  L  
The ef e n r o es d he e el  c fou

a given level of heterozygosity assuming all alleles have the same

1988), i.e. it m s en f  fr cie k t 1

Estimates of  l in if  b  are d bl

Considering al th la om ixedwater inundation forest had a greater 

number of effective alleles (2.1) than the populations in the other bi tope typ s (Várz a, 

1.8; Igapó, 1.9; Terra firme, 2.0). However, di ces ss oc

populations were not a T Kr a lli  df        

P = 0.309). 

The ratio of actual (k) to effective ( ) n ates the genetic 

variability within a population (Sperlich ).  o c l l th

biotope types are listed in Tabl l ri i e  p io

relatively high (1.9) compar t a th op ns ó,

Effe ive N mber f Alle s per ocus

fectiv umbe f allel  (ke) in icates t  numb r of all es that an be nd at 

 frequency (Sperlich 

easure  the ev ness o allelic equen s (El Mousadi & Peti 996). 

ke per ocus  the d ferent iotope types  liste in Ta e 26. 

l loci, e popu tion fr  the m

o e e

 the fferen  acro  all l i and 

signific nt (H- est of uskal nd Wa s: χ  =2 3.596,  = 3, 

ke umber of alleles per locus estim

 1988 Values f k/ke a ross al oci in e four 

e 27. A lelic va ation w thin th Várzea opulat n was 

ed to he rem ining ree p ulatio  (Igap  1.8; 
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mixedwater, 1.7; Terra firme, 1.7). Again, no significant differences across all loci and 

monstrated statistically (H-Test of Kruskal and Wallis:             
2 = 3.866, df = 3, P = 0.276). 

 
able 2 ean of effective alleles per  in four pe t (est                   

e = 1/(1 ; Sper 1988 indic he n of opula  of P. oblitera alys  
pe; numbers in rackets g he ra e of t l n f bs  th pu  
le 24)

Loci Várzea (n = 4) Igapó (n = wa  1 er e (

populations could be de

χ

T 6. M
- )

number 
lich 

(ke) 
umber 

locus
subp

the 
tions

bioto ypes 
ta an

imated
ed perk H ). n ates t  

bioto
(Tab

 b ive t ng he tota umber o alleles o erved in e subpo lations
. 

 4) Mixed ter (n = ) T ra firm n = 2) 

PGI 2.8 (6-8) 3.2 (6-7 7 ) ) 3.  (8) 2.6 (7-8

PGM

M

 1.  (3-5) 1 -6) 2.1 (4 -4) 

E 1. -3) 1.3 (2-3) 1.4 -4) 

GOT 1.3 (2-3) 1.6 (2-3) 1.5 -2) 

PK 1.9 (2) 1.8 (2) 2.4 2) 

ACP 1. -4) 1.6 (2-3) 7 ) 

ll loci 1.  (2-8) 1 -7) 2.1 (2- 2.  (1-8) 

6 .7 (3 ) 1.  (25

4 (2  (3) 1.6 (3

 (2) 1.2 (1

 (2) 2.6 (

7 (3 1.  (3) 2.2 (2-3

A 8 .9 (2 8) 0
  

Table 27. Ratio of actual (k) and effective (ke) number of alleles per or o  
Sperlich, 1988). n indicates the number of subpopulations of P. oblit nal r b yp

Loci Várz a (n = 4) Igapó (n = 4) Mi ater n = 1) Terra firme (n = 

 locus f each biot pe (for details see
erata a ysed pe iotope t e.  

e   xedw  ( 2) 

PGI 2.5 2.1 2.2 2.9 

PGM 2.7 2.6 1.9 

ME 1.6 1.9 2.1 

GOT 1.8 1.6 1.3  

1 1.1 0.8 

ACP 1.9 1.4 1.8  

All loci 1.9 1.8 1.7 

2 

2.2 

1.3

PK 1. 0.8 

1.1

1.7 
 

5 G notyp c Linkage Equilibrium between Loci 
No significant genotypic association between pairs of loci at a significance level o  

could be detected; i.e. allelic segregation at the different loci is unrelated (P > 0.01, 

onferroni corrections; Table 28). Therefore, the loci provide independent information 

4.2. e i

f 5 %

B

on population structure. 
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Table 28. Tests of genotypic linkage disequilibrium between pairs of six loci across all eleven 
subpopulations. The χ2-values, the degree of freedom (df) and the probability of type I error are listed. No 
significant genotypic linkage found between loci at a 5 % significance level (applying sequential 
Bonferroni procedure). 

Locus pair χ2 df P-value 

PGI & PGM 30.019 20 0.070 

PGI & ME 13.714 22 0.911 

PGM & ME 12.626 20 0.893 

PGI & GOT 6.403 4 0.171 

PGM & GOT 16.779 14 0.268 

ME & GOT 7.077 4 0.132 

PGI & PK 27.307 22 0.200 

PGM & PK 17.850 20 0.597 

ME & PK 23.134 22 0.394 

GOT & PK 3.979 4 0.409 

PGI & ACP 28.953 22 0.146 

PGM & ACP 36.938 20 0.012 

ME & ACP 22.029 22 0.458 

GOT & ACP 8.482 4 0.075 

PK & ACP 29.406 22 0.134 
 

4.2.6 Genetic Differentiation among Populations  
4.2.6.1 Within-Subpopulation Variance of Genetic Diversity 
The inbreeding coefficient FIS (Wrig ures the reduction in heterozygosity 

ating within their subpopulation (Hartl 1988). 

Estim FIS per subpopulation over all loci are significant accepting a 5 % 

ignific e lev able . Th an F alue ss a ci an bpo tion  

1 7, ati h zy ef y n- m g w  

subpo ns if or ns n dif  in al he  

subpo n ll n  re d ee PG 10 ,  

GOT, 0.144; P 1) xt  th eq  in d est s g  

the subp io  i tio es ár 0.1   Igapó,              

0.146 ± 0.080 ed  0 Ta 9) fo e  o ra          

(0.053 ± 0.008

 

ht 1951) meas

of individuals due to non-random m

ates of 

s anc el (T  29) e me IS-v  acro ll lo d su pula s was

0.13 ± 0.06  indic ng bot hetero gote d icienc and no rando matin ithin

pulatio . Sign icant c relatio  of ge es of ferent dividu s in t  same

pulatio over a locatio s were veale for thr  loci ( I, 0.2 ; PGM 0.315;

 < 0.0 . The e ent of e cons uently dicate coanc ry wa reater

for opulat ns of nunda n for ts (V zea, 47 ± 0.059;

; mix water, .158; ble 2  than r thos living n Ter firme

). 
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Table 29. Estimate of FIS-value per subpop terata over all loci (PGI, PGM, ME, GOT, 
K, A  are significant accepting a 5% significance level. Abbreviation: MW, mixedwater. 

Subp ulation 

ulation of P. obli
P CP). FIS-values

op
Biotope type 

Várzea  rm        Igapó MW Terra fi e 

JC IP MA IC PG AV TM PQ LJ EB AM 
           

0.170 0.170 0.059   0.189 0.113 0.266 0.094 0.112 0.158 0.047 0.058 
 

le lo us estimates of vera w fer  w he eleven subpopulations 

were of similar magnitude than ve air if es en  (values 

are based on conventional F tic t f ta es e e 

appendix). 

4.2.6.2 Genetic Variability betw u u s

The effects of population subdivision a as y a e W  

), w ich is he red tion in hetero gosi a pu  d ra  

genetic drift (Hartl 1988). The FST-values over a po on . o ta  

estimated by FSTAT (Goudet 1995) and are sig nt l l I ;  

0.116; ME, 0.033; GOT, 0.094; PK, 0.124; A 01 < su ng  

ic an  genot ic diff rentiati n among subpo ulati sti of is

values between the subpopulations over all loci were obtained by GENEPOP (Raymond 

& Rousset 1995) and are listed in Table 31 (single l ST  a tim

detailed results are given in Table 32). The mean lu ss oc  

opu tions w s 0.07  ± 0.0 2. The ifferentiation was less pronounced in the 

Várzea (0.066 ± 0.029) than in the other biotopes (Igapó, 0.092 ± 0.027 a  

0.092). Among inundation forest subpopulations (0.068 ± 0.0 e ro  

m xedwater area was mo ilar to all others (LJ: 0.042 ± 0.026), whereas individual 

subpopulations in both Várzea and Igapó were genetically ct           

0.096 ± 0.036; AV: 0.107 ± 0.025). Comparing Terra firme and inundati es  

local subpopulation EB was genetically close (0.044 ± 0.034), but the geographically 

very different (0.154 ± 0.045) from the inundation forest 

subpopulations. 

 

 

Sing c a ge pair ise dif ences ithin t

 the a rage p wise d ferenc  betwe  them

-statis s, bu or de iled r ults se  Tabl 30a-f, 

 

 een S bpop lation

x FST (re me ured b the fix tion ind right

1951 h  t uc  zy ty of subpo lation ue to ndom

ll sub pulati s of P blitera  were

nifica  for al oci (PG , 0.047 PGM,

CP, 0. 7; P 0.02), ggesti  both

e FST-allel d yp e o p ons. E mates  pairw

ocus F  were lso es ated, 

FST-va e acro  all l i and

subp la a 9 5  d

; Terr firme,

39), th one f m the

i st sim

fairly distin  (JC:

on for ts, the

distant subpopulation AM was 
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Table 31. Multilocus (PGI, PGM, ME, GOT, PK, ACP) estimates of pairwise FST-values among the 
studied subpopulations of P. obliterata. FST-values are significant accepting a 5% significance level. 

 IP MA IC PG AV TM PQ LJ EB AM 

JC 0.082 0.106 0.075 0.113 0.158 0.119 0.040 0.076 0.096 0.236 
IP  0.047 0.023 0.051 0.086 0.054 0.039 0.032 0.043 0.150 

2 0.093 0.083 0.096 0.105 
TM       0.101 0.039 0.012 0.112 
PQ        0.041 0.070 0.216 
LJ       0.025 0.152 
EB 2 

MA   0.060 0.034 0.114 0.011 0.092 0.035 0.023 0.127 
IC    0.037 0.102 0.046 0.024 0.012 0.016 0.160 
PG     0.094 0.042 0.102 0.016 0.016 0.124 
AV      0.12

  
         0.09

 

able 32. Single lo us estim tes of pairwise ST-values among the stud d subp ations of                  
P lite e or zym  (P M O  ACP) are listed accor
Table 35 h s ite lu ign ac a ificance leve

ub tio

T c a F ie opul  
. ob rata. Th results f  six en e loci GI, PG , ME, G T, PK, ding to 

 for eac . FST-va es are s ificant cepting 5% signample s l. 

S popula n 
 H ypabitat t e 
 Várz a Igapó Mixed- 

water 
Terra firme       e

 IP MA AV TM EB IC PG PQ LJ AM 
           
JC 0.128 

0.028 
0.03  
0.07  
0.10
0.042 

0.
0.
0.
-0.010 
0.33
-0.011 

0
0
-0
-0
0
0

0
0
-0
0.111 
0
-

0
0.359 
0.0
-
-
-

0.
0.084 
0.370 
0.003 

0.107 0.129 

1
2
5 

032 
115 
09  4

2 

.149 

.001 
.015 
.024 
.104 
.043 

.071 

.108 
.017 

.291 
0.012 

.155 

29 
0.020 
0.001 
0.002 

0.047 
0.086 

0

0.068 

57 
-0.014 
0.030 
0.005 
-0.016 
-0.007 

0.063 
0.0 2 4
0.023 
0.103 
0.002 

0.071 
0.0 8 3
-0.015 
0.282 
0.013 

0.044 
0.524 
0.059 
0.176 
0.361 
0.111 

           
IP  0.042 

0.013 
0.07  
0.10  
0.071 
0.023 

0.060 
-0.005 
0.01  
0.08  
-0.016 
-0.015 

0
0
0.02
0
0
0

-
0
0.0
0.077 
0.038 
0

0.0 -0.017 0.0 1 0.0 4 
0.423 
0.034 4

3
5
3

.030 

.030 
7 

.157 

.046 

.022 

0.003 
.243 

07 

0.045 
0.023 

32 
0.171 
0.099 
0.004 

0.017 
-0.005 

0.096 
0.113 

0.068 
-0.001 

2
0.100 
-0.016 
-0.002 

0.051 
0.039 

2
0.095 
0.044 
-0.001 

0.020 

.009 0.022 
    

0.221 
0.093 
0.015 

       
MA   0.076 

0.051 
0.11  
-0.013 
0.07
0.023 

0
0
0.
0.1
-0.018 
-0.014 

0
0
0.
-
0
-

-

-
- -0.012 

-

.007 

.022 
07

.045 

.177 
133 

0.010 
0.031 
0.004 

0.028 0.050 
0.009 
0.0 6 

0.021 
0.061 
0.0 2 4

3 

9 
97 

6
-0.010 
0.342 

0
0.082 
0.076 
-0.005 

0.017 
.232 

0.012 

0.035 
0.013 
0.008 

0.066 
0.0 5 0
-0.013 
-0.009 
-0.001 

0.004 
0.362 
0.006 
0.099 
-0.015 
0.097 

           
IC    0.007 

0.028 
-0.007 
0.14
0.048 
0.023 

0
0
-0.002 
-0.020 
0.037 
0.011 

0.0
0.061 
0.102 
0.005 

0.0 7 
-0.003 
0.112 
0.023 

0.0 1 
0.043 
-0.015 
-0.000 

0.0 9 
-0.016 
0.046 
-0.000 

0.072 
0.138 
0.096 
0.024 

1 

.092 

.244 
0.035 
0.030 

69 

0.006 
-0.019 

1

0.011 
0.010 

5

0.006 
0.012 

4

0.110 
0.403 
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Subpopulation 

 H pe abitat ty
 Várzea   Igapó    M

water 
Terra firme  ixed- 

 IP MA IC PG AV TM PQ L EB AM J 
           
PG     0.044 

0.089 
0.033 
0.172 
0.195 
-0.013 

-
-0.010 -

-

- -

0.002 
0.008 
0.044 
0.359 
0.009 

-0.004 
0.052 
0.025 
0.231 
0.301 
0.014 

0.018 
0.001 
0.032 
0.004 
0.050 
0.004 

-0.016 
0.003 
0.028 
0.175 
-0.015 
0.002 

0.037 
0.244 
0.046 
0.444 
-0.011 
0.096 

           
AV      0.077 

0.145 
0.086 
0.033 
0.269 
-0.014 -0.013 0.006 -0.009 0.083 

0.024 
0.284 
0.011 
-0.015 
0.002 

0.084 
0.157 
0.066 
0.066 
0.037 
-

0.069 
0.143 
0.066 
-0.018 
0.188 

0.035 
0.074 
0.088 
0.097 
0.261 

           
           

TM       0.030 
0.044 
0.023 
0.013 
0.3 9 
-0.011 

0.1 5 
-0.006 

0.0 1 
-0.011 

-0.014 
0.077 

7

0.026 
-0.007 
-0.013 
0.211 

0

0.013 
0.030 
-0.012 
0.045 

0

0.036 
0.304 
-0.015 
0.017 

           
PQ        0.015 

0.019 
0.014 
0.110 
0.1 1 
-0.001 

0.003 
0.031 
0.017 
-0.007 
0.2 1 
-0.003 

0.371 1 9

0.047 
0.450 
-0.025 
0.072 

0.103 
           

LJ         0.034 
0.016 
-0.014 
0.067 
0.049 
-0.005 

0.098 
0.044 

0.100 
0.324 
-0.012 
0.285 

           
EB          0.053 

0.254 
-0.011 
0.115 
-0.002 
0.067  

 

The results of Fisher exact tests to compare the genotypic structure of the eleven 

subpopulations are given in Table 33 and follow the same trend as the FST-values.  

The genotypic distinction over all subpopulations revealed a rather heterogeneous 

pattern for all loci except the ACP locus, which did not provide any significant data      
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(P < 5 % significance level corrected by the sequential Bonferroni procedure). The 

mixedwater inundation forest subpopulation LJ hardly showed any genotypic 

ifferentiation to subpopulations of both Várzea and Igapó, since only three out of 48 

PGM). In contrast, genotypic discrimination 

among subpopulations within the Várzea (seven out of 36 comparisons revealed 

s fferences: 19 %) and Igapó (six out of v icant 

d es: 17 as well ferentiation between the Várzea and Igapó 

subpopulations (14 out of 96 com ns revealed significant differences: 15 %), were 

of almost threefold magnitude. The regional Terra

showed any genotypic discrimination to subpopulations of inundation forests (five out 

of 54 comparisons revealed significant differences: 9 %; JC: PGI, PK; AV: PGM, PK; 

PQ: PK). In contrast, the geographically remote Terra firme subpopulation AM was 

g netically distin  all remaining subpopulations, rticular those ndation 

forests (16 out of 54 comparisons revealed significa erences: 30 %), whereas it 

was genetically closest to the other Terra firme subpopulation EB (one out of six 

comparisons revealed a significant difference at the PGM locus: 17 %). 

 
Table 33. Fisher e est of genotypi homogeneity between pairs of eleven su tions of             
P. obliterata sample  four biotope types. Results per locus (PGI, PGM, ME, GOT, P) were 
l ted according to T 5 for each samp  site. Bold numbers consider significant diff  between 

populations accepting a 5 % significanc pplying sequen onferroni proced

d

comparisons (6 %) revealed significant differences between the respective 

subpopulations (JC: PGI; IP: GOT; AV: 

ignificant di  36 comparisons re ealed signif

ifferenc %), as dif

pariso

 firme subpopulation EB hardly 

e ct to  in pa of inu

nt diff

xact t c bpopula
d in PK, AC

is
b

able 3 le
e level (a

erences
ure).  su tial B

Subpopulation 
 Habitat type 
 Várzea   Igapó    Mixed- 

water 
Terra firme  

 IP MA IC PG AV TM PQ LJ EB AM 
           
JC 0.000 

0.194 
0.036 
0.004 

0.000 
0.820 

0.
0.

0.013 
0.003 
0.030 
0.082 

0.000 
0.540 
0.000 
0.753 

0.707 
0.871 
0.027 
0.006 

0.731 
0.023 
0.000 
0.335 

0.190 
0.902 
0.616 
0.075 

0.000 
0.336 
0.000 
0.106 

0.013 
0.929 
1.000 
0.101 

0.001 
0.071 
0.016 
0.689 

0.002 
0.447 
0.000 
0.010 

0.000 
0.037 
0.000 
0.013 

002 
004 

0.000 
0.000 

0.002 
0.026 

0.000 
0.604 

0.000 
0.018 

0.000 
0.185 

0.006 
0.000 

           
IP  0.055 

0.609 
0.000 
0.000 
0.086 
0.237 

0.011 
0.610 
0.047 
0.003 
1.000 
0.101 

0.242 
0.064 
0.012 
0.000 
0.123 
0.296 

0.099 
0.000 
0.271 
0.012 
0.179 
0.358 

0.007 
0.487 
0.061 
0.003 
0.010 
0.407 

0.245 
0.724 
1.000 
0.013 
0.025 
0.254 

0.005 
0.537 
0.221 
0.000 
0.828 
0.323 

0.003 
0.107 
0.104 
0.001 
0.025 
0.101 

0.036 
0.000 
0.138 
0.000 
0.028 
0.069 
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Subpopulation 
 Habitat type 
 Várzea   Igapó    Mixed- 

water 
Terra firme  

 IP MA IC PG AV TM PQ LJ EB AM 
           
MA   0.071 

0.083 
0.000 
0.759 
0.073 
0.056 

0.407 
0.002 
0.000 
0.039 
0.596 
0.947 

0.095 
0.000 
0.000 
0.897 
0.001 
0.554 

0.073 
0.008 
0.668 
0.086 
0.552 
0.686 

0.255 
0.058 
0.009 
0.542 
0.000 
0.635 

0.155 
0.128 
0.158 
0.044 
0.057 
0.840 

0.174 
0.002 
0.350 
1.000 
0.347 
0.118 

0.201 
0.000 
0.388 
0.005 
0.927 
0.014 

           
IC    0.181 

0.
0.092
0.

0.020 
0. 0 
1.000 
1.000 
0.199 
0.180 

0.040 
0.075 
0.00
0.1
0.014 
0.125 

0.058 
0.861 

015 
4 

0.1738 
1299 

0.0017 
0.1464 
1.0000 
0.1914 

0.923 
0.621 

0.044 
0

0.003 
0.000 

001 
.011 

0.027 
0.129 

0.032 
0.197 

077 
 

142 

00
0 

46 
0.020 
1.000 
0.
0.11

0.
0.001 
0.762 

0.
0

.379 
           

PG    0.003 
0.021 
0.103 
0.009 
0.002 
0.885 

0.418 
0.148 
0.001 
0.000 
0.114 
0.879 

5 
7 
2 
6 
0 

000 

0.1496 
0.0319 
0.0033 
0.5659 
0.0482 
0.8494 

0
0
0
0
0
0.3

0.101 
0.000 
0.001 
0.000 
0.290 
0.028 

 0.70
0.27
0.02
0.01
0.00
1.

.443 

.145 

.005 

.068 

.045 
05 

           
AV     0.002 

0.000 
0.003 
0.345 
0.000 
1.000 

2 
0 
2 
4 
9 
6 

0.005 
0.000 
0.030 
0.054 
0.173 
0.439 

0
0
0
0.112 
0
0

0.005 
0.048 
0.006 
0.023 
0.000 
0.018 

 0.27
0.00
0.17
0.89
0.55
0.78

.011 

.000 

.010 

.000 

.797 
           

T     024 
372 
114 
254 
000 
000 

0.026 
0.433 
0.782 
0.001 
0.011 
0.369 

0
0
0
0
0
0

0.010 
0.000 
0.960 
0.492 
1.000 
0.007 

M   0.
0.
0.
0.
0.
1.

.115 

.015 

.962 

.081 

.553 

.545 
           

PQ       0.120 
0.180 
0.331 
0.028 
0.009 
0.369 

0
0.701 
0.163 
0.534 
0.000 
0.457 

0.010 
0.000 
0.297 
0.024 
0.000 
0.005 

 .018 

           
LJ         0.058 

0.025 
0.921 
0.06
0.

0.000 
0.000 
0.846 

2 
059 

0.000 
0.024 

0.084 0.249 
           

EB          0.048 
0.000 
0.809 
0.005 
0.467 
0.003 
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Tests to compare the allelic structure of the eleven subpopulations follow the same trend 

as those for the genoty c  

patterns (giving 37 a ditionally significant comparisons at a 5 % level, mainly at the 

PGI and PGM loci, detailed re

 
Table 34 f allelic di f e s of P. obliterata sampled 
in four bi  per locus ( , PGM,  GOT, PK, according to Table 
35 for each loc old n i et  accepting a 5 % 
significa ppl  

Subpopulation 

pi structure and show even more distinctive differentiation 

d

sults are listed in Table 34). 

. Tests o
otope types. Results

ation. B
nce level (a

fferentiation between pairs o leven subpopulation
PGI

nf

ME,
nt d
ced

AC
s b

P) 
wee

were listed 
n populationsumbers consider signi

eque
fica
pro

ffere
e). 

nce
ying s ntial Bo erroni ur

 pe Habitat ty
   - 

water 
Terra firme  Várzea Igapó    Mixed

 LJ EB AM IP MA IC PG AV TM PQ 
           
JC 0. 00

000 
000 
572 
000 
664 

0.217 

0.010 

0.000 

0.000 
0.

0.000 

0.393 

0.000 
0 
1 

0.000 

0.
0.416 

1.000 

0.000 
0.002 
0.000 
0.164 
0.009 
0.524 

0.000 
0.016 
0.001 
0.585 
0.000 
0.039 

0.000 
0.000 
0.000 
0.002 
0.000 
0.004 

000 
0.034 
0.003 
0.000 
0.008 
0.046 

0.
0.
0.
0.
0.
0.

0 0.000 

0.52
1.00

8 
0 

0.062 

0.000 

1.
0.

000 
026 

578 

0.000 

0
0

.06

.74
1 
8 

0.206 

0.000 

0.00
0.03

0.063 

000 

0.
0.

003 
286 

0.222 
           

IP 00
32
010 
000 
024 
19

0.003 

0.014 
0 

0

0.  

0.  

 

0.09

0.19

0.001 

0.075 
0.00
0.00

22

.078 
307 

1.0  
0.
0.

0.000 
0.244 
0.119 
0.000 
1.000 
0.277 

0.001 
0.006 
0.149 
0.000 
0.076 
0.315 

0.031 
0.000 
0.077 
0.000 
0.010 
0.037 

 0.
0.
0.
0.
0.
0.

3 
4 

9 

0.210 

0.00
1.0
1.00

0 
 0

019
036 0.
015
000 
046
26

0.
0.
0. 2 

9 
0 0.00
6 
0 
2 
1 

0
0.
0

.00
09
.30

0.005 

0 
9 
2 0.

0
0.

00
001 
006 

49 0.1
           

MA 

0.000 
9 
4

0.248 

0.000 
0  

0.000 
0.88

0

0.751 
0.100 

4
0.463 

0.022 
.

 

0.002 
0.015 
0.379 
0.014 
0.021 
0.506 

0.017 
0.000 
0.443 
1.000 
0.706 
0.254 

0.221 
0.000 
0.760 
0.007 
0.843 
0.002 

  0.00
0.00

0 
 3

0.78
0.02  

0.
0.

193 
006 

.001
840. 8 

1.000 

0.
0

00
.00

0 
0 

5 
0 0.00

.612 

0.01
0.00

3 
0 

0.8 0 

0.026 
03 0.0

0 477 
000.0

0.672 
           

IC  
0.

0.067 
 

0.00

0.084 

0.000 
0 
5 

0.008 
3

.477 

0.007 
.

0.012 
0.017 
0.000 
0.068 
1.000 
0.366 

0.493 
0.290 
0.002 
0.791 
0.076 
0.414 

0.000 
0.000 
0.000 
0.004 
0.011 
0.037 

   0.384
054 
530 
007 

0.
0.

0.298

0.000 
0 
3 
5 

0
0

.37

.88

0.368 

0.014 

0.00
0.04

0.3 3 

0.121 
0
0.
0.

010 
375 

0 182 
           

PG   0.000 
0
0.
0.
0.
0.

0.129 
0.00
0.00
0.00
0.56

0.470 
0.010 
0.

0.018 
0.036 
0.001 
0.285 
0.062 
0.482 

0.909 
0.024 
0.007 
0.003 
1.000 
0.373 

0.004 
0.000 
0.000 
0.000 
0.575 
0.004 

  
.000 
116 
00
00
89

1 
0 
8 

2 
1 
0 
2 

85 0.4

015 
000 
000 
902 

0.
0.
0.
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Subpop  ulation
 pe Habitat ty
 Igapó  Mixed- 

water 
Terra firme  Várzea     

 MA IC PG AV TM PQ LJ EB AM IP 
           
AV   

0

1

0.026 
0.000 
0.183 
0.882 
0.388 
0.806 

0.000 
0.000 
0.013 
0.021 
0.126 
0.250 

0.000 
0.000 
0.016 
0.891 
0.000 
0.827 

0.000 
0.000 
0.002 
0.006 
0.000 
0.002 

   0.
0.

000 
000 
.003 
094 
000 

0.
0.

.000 
           

TM   0.001 
0.002 
0.158 
0.273 
0.000 
0.654 

0.017 
0.407 
0.876 
0.000 
0.011 
0.198 

0.021 
0.000 
0.967 
0.095 
0.449 
0.841 

0.001 
0.000 
1.000 
0.496 
1.000 
0.001 

    

           
PQ      0.015 

0.043 
0.169 
0.004 
0.006 
0.198 

0.284 
0.073 
0.201 
0.560 
0.000 
0.518 

0.002 
0.000 
0.132 
0.029 
0.000 
0.000 

  

           
LJ    0.001 

0.002 
1.000 
0.027 
0.067 
0.111 

0.000 
0.000 
0.721 
0.000 
0.013 
0.052 

     

           
EB    0.001 

0.000 
0.804 
0.006 
0.456 
0.000 

      

 

4.2.6.3 c Dis  p pes 
Tests of genotypic discriminati betwe the four biotope types (Várzea, Igapó, 

mixe ndation forest and Terra firme; Table 35) revealed the strongest 

evidence for genetic differentiation be e population and the 

inundation forest populations. In erra firme versus Várzea, 

Igapó and m genotypic structure of the enzyme locus 

PGM dif ifica  % signif cance level corrected by the sequential 

Bonferroni procedure) between ore, at least one locus showed 

Genotypi

dwater inu

ixedwater inundation forest) the 

fered sign

tinction of Bioto e Ty

on en 

tween the Terra firm

all pairwise comparisons (T

 5ntly (P <

 populations. Furtherm

i
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additionally significant genetic differences (Terra firme/ Várzea: PK; Terra firme/ 

Igapó: PK and ACP; Terra firme/mixedwater: PGI and GOT).  

 
Table 35. Tests of genotypic differentiation between pairs of populations of P. obliterata in the four 
biotope types. Bold numbers consider significant differences between populations at a 5 % significance 
level (applying sequential Bonferroni procedure).  

  Biotope type   
Biotope type Locus Igapó Mixedwater Terra firme 
     

Várzea PGI 0.081 0.008 0.696 
 PGM 0.000 0.013 0.000 
 ME 0.892 0.057 0.031 
 GOT 0.030 0.002 0.012 
 PK 0.862 1.000 0.001 
 ACP 0.071 0.618 0.172 
     

Igapó PGI  0.008 0.114 
 PGM  0.339 0.000 
 ME  0.029 0.011 
 GOT  0.009 0.106 
 PK  1.000 0.001 
 ACP  0.013 0.000 
     
Mixedwater PGI   0.001 
 PGM   0.000 
 ME   0.929 

0 
4 

 GOT   0.00
 PK   0.00
 ACP   0.563 

 

However, populations from the different inundation forests (Várzea, Igapó, mixedwater) 

showed fairly homogeneous genotypic distributions, since hardly any significant 

differences across the three pairwise comparisons were found (P < 5 % significance 

level corrected by the sequential Bonferroni procedure; except for Várzea/Igapó, PGM 

firme can be attributed to an excess of different 

omozygotes in the respective subpopulations (all inundation forests subpopulations 

except for AV: PGM 3-3; Terra firme subpopulation AM: PGM 2-2).  

and Várzea/mixedwater, GOT).  

Even though significant differences in genotypic frequencies between the Terra firme 

and inundation forest populations were mainly revealed at the PGM and PK loci, no 

biotype specific genotypic combinations of these loci could be detected in the surveyed 

subpopulations. In respect of the locus PGM, the observed genotypic distinction 

between inundation forests and Terra 

h
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Analogous tests for allelic differentiation between populations revealed the same trend 

(Table 36). Here, the populations from both Várzea and Igapó displayed additional 

mixedwater inundation forest population at the PGI locus. 

o conclude, the res lts indicate a more pronounced differentiation between Terra firme 

nd inund n for han ong the populations  the different inundation forests. 

Ta le 36. Tests of allelic differe n be een pairs of populations o P. obliterata in th our bio
types. Bold numbers der ican eren etw pu s at a 5 % significan
( ng sequential Bo erron r

 Bi ope t  

genetic differentiation to the 

T u

a atio ests t  am  from

 
b ntiatio tw f e f tope 

 consi  signif t diff ces b een po lation ce level 
applyi nf i procedu e).  

 ot ype  
Biotope type Lo s Igapó dw Te rmcu Mixe ater rra fi e 
     

Várzea PGI 0.030 .00 0.659 
0.000 0.005 0 

ME 0.884 0.04 4 
GO  0.008 0.000 

 PK 0.846 1.000 0 
 AC  0.100 0.564 

    

0 0 
 PGM 
 

0.
0.01

00
 4 

 T 0.005 
0.
0. 4 

00
P 13

 
Igapó PGI  0.001 0. 9 
 PGM  0.361 0.000 
 ME  0.033 0.010 
 GOT  0.005 0.101 
 PK  1.000 0.000 

04

 ACP  0.021 0.000 
     
Mixedwater PGI   0.000 

 0.902 
 GOT   0.000 
 PK   0.010 
 ACP   0.558 

 PGM   0.000 
 ME  

 

4.2.7 Population Genetic Structure 
To estimate the effect of geographic isolation of the subpopulation AM, the hierarchical 

AMOVA was analyzed twice, (1) including all eleven subpopulations (Table 37) and 

(2) for the ten subpopulations located in the vicinity of Manaus (Table 38).  

Except for the ‘among subpopulations/biotope’ variance component in Table 38, neither 

ME nor ACP, though showing the same trend as the remaining loci, did provide any 

significant data. Therefore, only the results concerning the remaining four loci will be 

referred to in the following. 
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The proportion of the ‘among r gions’ aria om t able 37 is not 

ation  not ined by separating the 

subpopulations into regional groups (Manaus region versus Amapá State). 

Assorting the subpopulations according to their bioto e typ  (V I

m dwate  inunda on fore t or Terra firme) did not accoun for any ignific t fraction 

f the allelic variability either in all eleven or the ten local subpopulations at Manaus. 

Since the three inundation forests biotopes show very similar environmental conditions 

(Chapter 3.1.1), the data were reanalysed with the subpopulations classified according 

to their ecotype (inundation forest versus upland plantation). Including AM (Table 37), 

most of the allelic diversity is still found within subpopulations, but a small proportion 

separates the ecotypes at the PGM locus. However, if AM was excluded from the 

analysis (Table 38), leaving only EB as an upland plantation subpopulation, this 

significant portion at the PGM locus was absent. 

The observed allelic diversity within subpopulations (approx. 90 % or more) was 

generally much higher than the differentiation between subpopulations (appreciable 

values of approx. 10 % only at the PGM locus, Table 37, and the PK locus, Tables 37 & 

38).  

.2.8 Isolation by Distance and Effective Number of Migrants 
retation of ecological differentiation requires information concerning the 

 (Rousset 1999). The linear geographic 

eleven subpopulations are presented in Table 39. AM was 

located approximately 1,000 km east of the geographically closer subpopulations in the 

vicinity of Manaus (Fig. 50), which were separated by 46.6 km on average, with the 

linear distance ranging from 7.4 to 104.7 km (Table 39). 

Given that AM is most likely highly isolated from the remaining subpopulations, it was 

excluded from the examined migration model. Thus only ten subpopulations around 

Manaus were considered for the test of isolation by distance. No significant correlation 

(P > 5 % significance level) between the geographic distance of those subpopulations 

and their genetic distance as evaluated by the estimated level of gene flow M              

[(1-FST)/(2FST)] was evident (Fig. 52). 

 

e v nce c ponen  in T

significant. In other words, the allelic vari is  expla
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ixe r ti s t  s an
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Table 39. Linear geographic distances [km] between pairs of eleven sample sites in four biotope types. 
Abbreviations: MW, mixed water; TF, Terra firme.  

Subpopulation 
 Habitat type 
 Várzea   Iga     MW TF  pó

 IP MA IC PG AV TM PQ LJ EB AM 
           

JC 7.4 25.8 66.3 54.3 38.4 45.5 22.8 55.5 1079.3 55.3 
           

IP  27.4 68.4 8.2 45.0 32.4 45.0 22.4 51.6 1080.8 4
           

MA   40.9 68.6 62.5 35.4 21.4 8.1 39.7 1035.7 
           

IC    104.7 97.0 65.5 29.7 46.9 51.6 1013.2 
           

PG     9.3 40.3 75.4 60.7 63.2 1104.5 
           

AV      32.0 67.5 54.5 54.1 5.2 109
           

TM       35.8 27.8 25.1 1066.2 
           

PQ        22.8 25.4 1036.5 
           

LJ         35.7 1058.4 
           

EB          1041.7 
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Figure 52. Relation of genetic and geographic distance for ten subpopulations of P. obliterata in the 
vicinity of Manaus, Brazil. Pairwise estimated levels of gene flow M [(1-FST)/(2FST)] are shown as a 
function of the linear geographic distance d [km] separating two subpopulations.  
Log10(M) is plotted against log10(d). The line was generated using a conventional linear regression: 
log10(M) = 0.94 + 0.02 log10(d) with an R2 value of 0.0002. 
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Since M can be used to test particular hypotheses about pathways of dispersal (Slatkin 

e types were 

viations were always very high, indicating a 

heterogeneous pattern of gene flow between the respective subpopulations. Within the 

on forests and the closer plantation EB. 

1993), the mean values of M within and between the different biotop

estimated (Table 40). Standard de

various biotopes, M was most pronounced in the Várzea. The amount of gene flow 

between biotopes was even more distinct, with the highest values being revealed among 

the mixedwater inundation forest and both Várzea and Igapó. Estimates of M between 

inundation forests and Terra firme were almost equal to those among Várzea and Igapó. 

However, the extent of gene flow among the inundation forests and the geographically 

remote plantation site AM was much lower than the estimated level between the 

inundati

 
Table 40. Mean value and standard deviation of the estimated level of gene flow M within and between 
different biotope types (estimated M = (1-FST)/(2FST); Slatkin 1993). Abbreviations: MW, mixed water; 
TF, Terra firme; EB, subpopulation Embrapa; AM, subpopulation Amapá. 

Within biotope types      

             Várzea 9.2 ± 6.2     

             Igapó 5.6 ± 2.9     

             MW       -     

             TF     4.9     

  Between biotopes types      
 Igapó MW TF (EB, AM) TF (EB) TF (AM) 

           Várzea 10.8 ± 10.2 19.4 ± 16.0 9.8  ± 10.7 16.9  ± 11.4 2.6  ± 0.8 

          Igapó  15.2 ± 11.1 11.8  ± 14.5 20.3  ± 17.4 3.4  ± 1.1 

        MW   11.0  ± 11.6 19.0  2.8 
 

The effective number of migrants (Nm) for the ten subpopulations in the vicinity of 

Manaus was 2.03 (estimated by the software GENEPOP). Considering only the nine 

inundation forest locations, the average number of migrants exchanged between local 

subpopulations was 2.07. Since Nm should be higher for the remaining locations, when 

an isolated location is removed, these results suggest a hardly isolated position of the 

Terra firme subpopulation EB. Both values of Nm indicate high levels of gene flow 

between the studied localities and are sufficient to prevent genetic differentiation 

through the effect of genetic drift alone (Slatkin 1985; Wright 1931). 
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4.2.9 Cluster Analysis of Genetic Similarity 
The mean value for Nei’s genetic distance D (Nei 1978) between the eleven 

subpopulations of P. obliterata was 0.070 ± 0.048 (Table 41). Within the different 

biotopes, the values ranged from 0.058 ± 0.024 in the Várzea and 0.077 on the Terra 

firme to 0.080 ± 0.022 in the Igapó. The mixedwater inundation forest subpopulation LJ 

was genetically close to the remaining inundation forest subpopulations (0.039 ± 0.022). 

The geographically remote Terra firme subpopulation AM was also the genetically the 

most distinct one from the inundation forest subpopulations (0.145 ± 0.046), whereas 

the closer Terra firme subpopulation EB was genetically similar (0.038 ± 0.028). 

However, some inundation forest subpopulations, e.g. AV (0.092 ± 0.021) and JC 

(0.080 ± 0.032), were genetically remote from the others as well. 

 
Table 41. Nei’s (1978) genetic distance reconstructing measure between pairs of eleven subpopulations 
of P. obliterata sampled in four biotope types. Abbreviations: MW, mixed water; TF, Terra firme. 

Subpopulation 
 Biotope type 
 Várzea   Igapó    MW TF  

 IP MA IC PG AV TM PQ LJ EB AM 
           

JC 0.069 0.095 0.056 0.100 0.126 0.103 0.026 0.064 0.079 0.225 
           

IP  0.050 0.022 0.058 0.075 0.054 0.027 0.036 0.042 0.152 
           

MA   0.056 0.038 0.107 0.008 0.080 0.040 0.018 0.112 
           

IC    0.035 0.086 0.040 0.016 0.009 0.014 0.151 
           

PG     0.089 0.046 0.084 0.018 0.018 0.132 
           

AV      0.111 0.067 0.075 0.083 0.088 
           

TM       0.083 0.041 0.010 0.091 
           

PQ        0.027 0.053 0.196 
           

LJ         0.025 0.162 
           

EB          0.077 
 

Since Nei’s (1987) D depends on allele frequencies, the genetic distances were 

additionally estimated based on genotype frequencies (Tomiuk & Loeschcke 1991). The 

genotypic distances between the eleven subpopulations were lower but revealed the 

same trend as the genetic distances according to Nei (1987), except for JC being the 

most distant subpopulation to all remaining ones (Table 42).  
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Table 42. Tomiuk & Loeschcke’s (1991) genetic distance reconstructing measure between pairs of eleven 
subpopulations of P. obliterata sampled in four biotope types. Abbreviations: MW, mixed water; TF, 
Terra firme. 

Subpopulation 
 Biotope type 
 Várzea   Igapó    MW TF  

 IP MA IC PG AV TM PQ LJ EB AM 
           

JC 0.068 0.070 0.063 0.063 0.078 0.085 0.073 0.080 0.062 0.050 
           

IP  0.027 0.036 0.038 0.008 0.031 0.007 0.028 0.032 0.049 
           

MA   0.028 0.020 0.015 0.017 0.013 0.008 0.005 0.051 
           

IC    0.009 0.013 0.054 0.019 0.036 0.015 0.046 
           

PG     0.011 0.032 0.023 0.028 0.014 0.065 
           

AV      0.015 0.014 0.024 0.015 0.064 
           

TM       0.036 0.011 0.032 0.056 
           

PQ        0.024 0.011 0.033 
           

LJ         0.022 0.050 
           

EB          0.033 
 

To illustrate the genetic relationship between the subpopulations, cluster analyses were 

computed by the neighbour-joining method, which is generally superior in obtaining a 

correct phylogenetic tree topology compared to other reconstructing methods (Saitou & 

Nei 1987; Jin & Nei 1991). The resulting dendrograms based on Nei’s (1987) and 

Tomiuk & Loeschke`s (1991) genetic distance, respectively, are presented in Figures 53 

te from most of the inundation forest subpopulations (Fig. 

& 54. Both dendrograms did not reveal any distinct grouping pattern related to the 

geographic position or associated river type of the inundation forest subpopulations, 

except for LJ being situated between MA and TM (Fig. 54; compare geographic 

positions in Fig. 50). However, the Terra firme subpopulations (EB, AM) were 

positioned somewhat discre

54). 
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Figure 53. Dendrogram (neighbour-joining) of eleven subpopulations of P. obliterata based on Nei’s 
(1987) genetic distance (Table 41). The sample sites are listed in Table 17. Biotope types: V, Várzea; I, 
Igapó; MW, mixedwater inundation forest; TF, Terra firme.  
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Figure 54. Dendrogram (neighbour-joining) of eleven subpopulations of P. obliterata based on Tomiuk 
& Loeschke’s (1991) genetic distance (Table 42). The sample sites are listed in Table 17. Biotope types: 
V, Várzea; I, Igapó; MW, mixed water inundation forest; TF, Terra firme. 
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4.3 Discussion 
4.3.1 Population Dynamics and Adaptation in P. obliterata 

 their own locomotory 

chreiber 1999). Passive dispersal of invertebrates on floating 

objects has ani & Molcard 2003; Gutow 

2003), also unidirectional drift of s (Dörge et 

al. 1999; Tenzer & Plachter 2003). In the Amazonian floodplains, large rivers like 

Solimões, Amazon and Negro apparently serve as pathways of repeated downstream 

dispersal for individuals of P. obliterata on floating tree trunks and branches, as also 

suggested for the congener P. insularis (Bergholz et al. 2005). Support for this can be 

found in the study of another Central Amazonian millipede, Pycnotropis tida, where the 

authors postulated a similar scenario of downstream colonisation along the Solimões 

and Amazon River (Bachmann et al. 1998; Golovatch et al. 1998). Accordingly, the 

subpopulations of P. obliterata within the Várzea and Igapó are expected to be 

connected by gene flow and thus to be genetically rather similar. Since the precise 

origin of the P. obliterata subpopulations along the Negro River is yet unknown, the 

relatedness of populations from Igapó and Várzea still needs to be clarified. Given their 

spatial isolation, the respective subpopulations from Várzea and Igapó upstream of 

Manaus, i.e. at the confluence of both river systems (Fig. 50), are assumed to be 

genetically distinct. In contrast, subpopulations within the mixedwater area and further 

downstream the Amazon River could either represent a mixture of individuals from 

both Várzea and Igapó or be dominated by specimens of a single inundation forest type. 

4.3.1.1 Concept of Dispersal 
The millipede P. obliterata is thought to have evolved in the Peruvian Andes 

(Golovatch & Sierwald 2001) and to have subsequently invaded inundation forests, 

where, like some other native terrestrial invertebrates (Adis 1997), it became adapted to 

regularly flooded biotopes. First taken in 1956 from an island in the Solimões River 

near Iquitos, Peru (Kraus 1960), at present P. obliterata is evidently a species 

widespread all over Amazonia, i.e. Peru, Colombia and Brazil (Golovatch & Sierwald 

2001).  

Although specimens move actively over short distances, e.g. when climbing tree trunks 

(Chapter 3.2.3.1.1), the natural dispersal capacity of small millipedes is fairly low 

(Hopkin & Read 1992). Flowing waters can transport invertebrates passively over 

considerably greater distances than can be traversed using

apparatus (Wang & S

 frequently been reported (Hoskin 1999; Ali

 terrestrial organisms in riverine ecosystem
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Besides being dispersed by rivers, the species P. obliterata has also been transported 

widely by human traffic, even to European hothouses (Adis et al. 2001; Golovatch & 

Sierwald 2001), and is hence living in a variety of biotopes that range from natural 

woodlands to man-made plantations. The studied plantations, EB and AM (Fig. 50), are 

located 35 km and 60 km away from the main rivers Negro and Amazon, respectively. 

Therefore, the established populations could have been introduced by man with 

agricultural plant material, e.g. palm seeds, as suggested for the congener 

Myrmecodesmus hastatus (Bergholz et al. 2004).  

In the cultivated upland area of the CPPA/Embrapa near Manaus, specimens of   

P. obliterata were first collected in 1997 on a palm tree plantation of Bactris gasipaes 

Kunth (Araceae) (Adis et al. 2001). The seeds of the cultivated palms and therewith 

probably numerous concealed opportunists, millipedes included, were imported 

approximately 20 years ago from Peru (Garcia, pers. commun.). Apparently, some 

individuals subsequently established a subpopulation on the adjacent banana plantation 

EB (Musa spec.; Musaceae). Since the saplings of the respective plantation originate 

from the eastern coast of Brazil (Bahia State; Garcia, pers. commun), it is rather 

unlikely that they hosted any specimens of P. obliterata. The subpopulation samples 

from Amapá State were collected in decomposing seed piles on the oil palm plantation 

AM (Elaeis guineensis Jacq.; Araceae). Again, P. obliterata were almost certainly 

brought along with palm seeds imported from Peru to establish the respective plantation 

in 1960 (Oliveira, pers. commun.). Whereas P. obliterata on the secluded site AM are 

apparently isolated and thus may be genetically distinct from Central Amazonian 

populations, the specimens on the local site EB might be connected to inundation forest 

populations via gene flow. Since the plantation is situated only circa 15 km away from 

the closest tributary of the Negro River (Fig. 50), some individuals native to the Igapó 

may sporadically have been brought along with transported plant material (e.g. seeds, 

logs).  

        

4.3.1.2 Adaptation Hypothesis 

         

 

The millipede P. obliterata is believed to have evolved in the Andean uplands and so 

faces ideal conditions on Amazonian upland plantations. In contrast, individuals living 

in the inundation forests were forced to adapt to their regularly flooded biotopes, 

apparently representing a different ecotype based on behavioural traits (Chapter 3.3).  
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A relation between genotypes and the occupancy of upland versus floodplain forests has 

already been described for the millipede, P. tida (Bachmann et al. 1998; Golovatch et al. 

1998), and an insect, Neomachilellus scandens (Wolf & Adis 1992), in the study area. 

Therefore, the respective populations of P. obliterata are also assumed to be 

differentiated genetically, possibly representing different ecological races, subspecies 

or, as in N. scandens (Wolf & Adis 1992), even species.  

 

4.3.1.3 Population Genetic Implications from Allozyme Data 
Do the obtained genetic data support the colonisation hypotheses, i.e. repeated 

downstream migration along the rivers and introductions by man on plantations, as well 

as the presumed adaptation model, i.e. ecological differentiation of P. obliterata 

populations in seasonally flooded biotopes? 

 

4.3.1.3.1 Random Mating and Outcrossing 
All surveyed subpopulations of P. obliterata exhibited heterozygote deficiencies but 

few also an excess of heterozygotes at individual loci (Table 24). Five subpopulations 

(IP, IC, PG, AV and EB) displayed significant deviations from Hardy-Weinberg 

expectations at respective single loci (Table 25), this being caused by a significant lack 

of heterzygotes. Three (IP, IC and AV) of these subpopulations were located on islands, 

nt populations are 

orphologically identical (Chapter 3.2.2.1), mate choice based on resembling 

henotypes (Hartl & Clark 1997) cannot explain the phenomenon satisfactorily either. 

whereas the others were situated on the shore of the Negro River (PG) or an upland 

plantation (EB).  

Genotype proportions in the Hardy-Weinberg equilibrium can only be expected if 

mating is random and forces such as selection, migration and mutation are absent (Weir 

1996). Accordingly, deficiency of heterozygotes may be explained by natural selection 

against hybrids, assortative mating, inbreeding, or by population mixing (Wahlund 

1928; Pavlíček et al. 1997).  

Biotope specific selection against heterozygous hybrids of different ecotypic forms 

(outbreeding depression) can result in a notable excess of homozygotes. With such 

selection acting however, one would expect the inundation forest subpopulations close 

to upland areas (TM, PQ, JC, PG; Fig. 50) to be the most affected, which has only been 

observed in a single case (PG). Since the animals from differe

m

p
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In this cont traits 

the inundation forests. Here, one could assume that small 

netic drift (Sperlich 1988), with parameters such as allelic 

adults was most likely taken before hybridisation had occurred in the pooled 

ext, assortative mating may rather be related to ecologically important 

(Dieckmann & Doebeli 1999), such as breeding behaviour (Seehausen et al. 1997). Yet 

individuals within inundation forests seem to reproduce only during the terrestrial 

phase, just as those on upland plantations (Chapter 3.3.2.3). The excess of homozygotes 

might also be caused by inbreeding due to small local breeding units, as previously 

described for another millipede, Tetrarthrosoma syriacum (FIS = 0.422 to 0.541) 

(Pavlíček & Nevo 1996). In P. obliterata, the mean inbreeding coefficient,                  

FIS = 0.131 ± 0.067 (Table 29), reveals a significant lack of heterozygotes within 

subpopulations, particularly in 

demes (i.e. semi-isolated subpopulations, Hartl & Clark 1998) were originally 

established from few colonisers, thus accounting for substantial mating to close 

relatives. However, the postulated demes would be characterised by a loss of genetic 

variability as a result of ge

richness being susceptible to a decrease (Nei et al. 1975; El Mousadik & Petit 1996). 

The gene pool of such populations may easily be distinguished by the occurrence of 

frequent private alleles (Slatkin 1985). In contrast, the genetic diversity in P. obliterata 

is high (Chapter 4.3.2), with hardly any private alleles (IP: ACP 4; PG: PGM 6; Table 

24) found. This implies a large effective population size due to high levels of gene flow, 

preventing inbreeding within subpopulations (Chen et al. 2004). A large proportion of 

the genetic variation (50 to 90 % according to average pairwise differences and 

AMOVA respectively; Tables 30a-f & 37) was found within subpopulations rather than 

among subpopulations. This result is compatible with the interpretation that outcrossing 

rates in natural subpopulations of P. obliterata may be relatively high (Jorgensen & 

Mauricio 2004). Along with multiple introductions, repeated genetic exchange could 

help in accounting for the maintenance of considerable levels of diversity (Petit et al. 

2004). 

These considerations suggest that the excess of homozygotes is due to population 

mixing (Wahlund effect; Wahlund 1928). Under the assumption of mixing of formerly 

isolated subpopulations, the analysed samples per location could actually be composed 

of individuals originating from demes with different genotypic composition. According 

to field observations, the millipedes apparently cease to reproduce during the aquatic 

phase, when specimens were sampled (Chapter 3.3.2.3). The respective mixture of 
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subpopulation and thus comprised an excess of homozygotes compared to panmictic 

proportions (Hartl & Clark 1989; Chevillon et al. 1998). 

The fact that there is no consistent deficit of heterozygotes across loci and locations in 

the subpopulations of P. obliterata points to an important distinction between 

subdivision and inbreeding. Even though no significant genotypic linkage exists 

between loci (Table 28), a reduction in heterozygote frequencies resulting from 

inbreeding should be the same for all loci (Hartl & Clark 1989; Goudet et al. 1996; 

Pavlíček et al. 1997; Valles-Jimenez et al. 2005). With population subdivision, a 

particular heterozygous genotype being present in excess or deficit depends on the 

     

covariance of allele frequencies across populations (Hartl & Clark 1989). Concordantly, 

an excess of heterozygotes at individual loci was revealed within some samples of   

P. obliterata (Table 24). The subpopulations showing heterozygote deficiency thus 

appear to be a mixture of resident and immigrated specimens. That is consistent with the 

presumed passive dispersal events in the inundation forests, whose subpopulations seem 

to display the plainest deficiency of heterozygotes (Table 29). 

 

4.3.1.3.2 Gene Flow and Population Subdivision 
Wright’s standardised variance FST was used to calculate gene flow between Central 

Amazonian subpopulations of P. obliterata. The effective number of migrants, Nm, has 

been shown to give reasonably accurate estimates under a variety of conditions (Slatkin 

1985). Values of more than one immigrant into the average deme per generation suggest 

sufficient gene flow to prevent differentiation due to random drift (Wright 1931), 

regardless of population size (Ellstrand & Elam 1993). The number of migrants 

exchanged among inundation forest subpopulations of P. obliterata, Nm = 2.07 

(Chapter 4.2.8), demonstrates a substantial level of gene flow (Slatkin 1985) over 

occasionally long distances (7.4 to 104.7 km linear distance; Table 39), sufficient to 

prevent isolation by distance (Fig. 52). In fact, any correlation between the genetic and 

geographic distance was only observed on larger scales, when the remote subpopulation 

from Amapá State was taken into consideration (located approx. 1,000 km to the east, 

Fig. 50; genetically most distinctive, Tables 31 & 41). These results additionally support 

the hypothesis of multiple introductions of P. obliterata during colonisation along the 

two rivers in Central Amazonian inundation forests.  
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Since no isolation events but relatively large values of gene flow M (Table 40) were 

found, P. obliterata might have only recently colonised the area, and the time spent in 

the present range could have been insufficient to approach an equilibrium between 

genetic drift (as a diversifying factor) and gene flow (as a homogenising factor) (Slatkin 

1993). Most of the natural groups of populations are probably not at equilibrium 

(McCauley 1993; Hutchison & Templeton 1999; Kinnison et al. 2002). Nm estimates, 

however, depend on the assumption that the species under study is at genetic and 

demographic equilibria. If subpopulations are continually going extinct and being 

recolonised, true demographic equilibrium does not exist and Nm estimates depend 

additionally on the extinction rate (Slatkin 1985). In the case of allozyme frequencies 

not being at equilibrium, it is impossible to distinguish whether the patterns reflect 

current gene flow or historical dispersal events (Avise 1994; Uthicke & Benzie 2000; 

d

tion 

hought to have a disproportionately large influence on the differentiation 

 (1978) mean genetic distance between 

Ketmaier 2002). Population history can produce patterns similar to the effects of 

ongoing gene flow (Felsenstein 1982; Templeton et al. 1995; Hewitt 2000). There is no 

basis for distinguishing between events of the migration model assume  and any other 

evolutionary scenario that could lead to the same pattern of gene frequencies within and 

among populations (Cockerham & Weir 1993). Besides, due to interactions of selec

and drift with gene flow, the effective migration rate is highly variable across the 

genome. Heterosis, i.e. local heterogeneous selection, can increase the frequency of 

immigrant alleles, whereas ‘background’ selection against weakly deleterious alleles 

can effect the opposite (Charlesworth et al. 1993; Ingvarsson & Whitlock 2000). In 

genome regions with low recombination, a neutral locus linked to a locus under 

selection will likewise be affected, resulting in frequencies other than those predicted 

from neutral expectations (Ingvarsson & Whitlock 2000). In addition, rare dispersal 

events are t

among populations (Slatkin 1985; Zhivotovsky et al. 1994; Ingvarsson & Whitlock 

2000). Since multiple interpretations of population structure are possible, comparative 

methods such as F-statistic and Nei´s (1978) genetic distance D are adequate for 

determining the relative contribution of gene flow (Bohonak 1999).  

As revealed by the mean fixation index, FST = 0.079 ± 0.052 (Table 31), only 

approximately 8 % of the genetic variation is ascribable to genetic differences between 

subpopulations. Accordingly, Nei´s

subpopulations, D = 0.070 ± 0.048 (Table 41), indicates population subdivision but 

reveals no subspeciation (Sperlich 1988). The genetic differences between inundation 
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forest populations were even less pronounced (FST = 0.068 ± 0.039; D = 0.059 ± 0.031). 

The observed divergence in P. obliterata appears to be low for an animal species that 

lacks efficient means for active long-distance locomotion. This becomes even more 

apparent in comparison to other soil-dwelling invertebrates, e.g. certain snail species in 

Central Germany, whose populations are genetically distinct across distances of less 

than 1 km (Pfenninger et al. 1996). Other studies of different taxa also reported stronger 

genetic differentiation for species with limited dispersal activities (references in 

Bohanak 1999). Populations of other millipedes, e.g. Nemasoma varicorne, FST = 0.277 

± 0.12 (Jensen et al. 2002), and P. tida, FST = 0.315 (Bachmann et al. 1998; Golovatch 

et al. 1998), were highly differentiated over their examined range. T. syriacum even 

displayed microgeographic divergence (FST = 0.028; D = 0.013-0.131) at distances of 

less than 200 m (Pavlíček & Nevo 1996). Allopatric populations of Stygiochiropus 

communis showed major genetic differences (D = 0.400), mostly explained by the 

presence of isolated provinces (Humphreys & Adams 2001; Humphreys & Shear 1993). 

Data for Glomeris taxa, however, are contradictory. Substantial differentiation  

(D = 0.01-0.41) according to geographic distances could be observed within four 

different Glomeris species (Hoess et al. 1997; Hoess & Scholl 2001), e.g. G. hexasticha, 

           

 = 0.09 at a distance of 190 km (Hoess et al. 1997). Such a correlation was not evident 

ion over large parts 

 

D

within four other species which comprised only minor genetic variat

of their respective geographic ranges (Hoess et al. 1997; Hoess & Scholl 1999). 

The rather low magnitude of differentiation in P. obliterata is consistent with the 

estimated level of gene flow. The passive mode of translocation via waterways seems to 

effectively promote long-distance dispersal events within the inundation forests. 

Repeated introductions, particularly if they come from disparate portions of a large 

native range, ameliorate genetic diversity (Ingvarsson 2001; Lambrinos 2004). The 

same has been reported for another colonising species, the mosquito Aedes albopictus 

invasive to the United States (Kambhampati et al. 1990). Individuals of P. obliterata 

when cast ashore evidently serve as a genetic supply for the genetically rather 

homogeneous subpopulations on islands and along banks, sufficient to prevent genetic 

differentiation due to genetic drift (Sperlich 1988; Wright 1978). The heterozygous 

offspring of immigrants may have higher fitness than the resident individuals, resulting 

in a higher effective migration rate (Ingvarsson & Whitlock 2000).  

 

 189



Genetic Variation 

4.3.1.3.3 Unidirectional Dispersal and Biotope-Related Differentiation 
Although passive dispersal by river is unidirectional in nature, the interference with 

currents does not provide for a strictly homogeneous distribution. Hence individual 

subpopulations may receive fewer immigrants and thereby become relatively isolated. 

Consequently, they display distinctive genotypic frequencies, as is obvious in the fairly 

distinct subpopulations JC (FST = 0.096 ± 0.036, D = 0.080 ± 0.032) and AV             

(FST = 0.101 ± 0.025, D = 0.092 ± 0.021; Tables 31 & 41) that both comprise of values 

below the average estimated gene flow (JC: M = 5.1 ± 2.9; AV: M = 4.4 ± 0.9; Table 

40). 

According to the tests for genotypic discrimination between the four biotopes, i.e. 

white-, black-, and mixedwater inundation forests as well as upland areas (Table 35), 

the populations within different types of inundation forests display a strong genetic 

cohesion.  

The genetic similarity of the Várzea and Igapó populations is likely to be based on 

historical events, since gene flow between the respective rivers systems is restricted: an 

exchange of migrants via waterway occurs mainly downstream of Manaus, where the 

rivers Negro and Solimões merge (Fig. 50). Therefore, the genetic homogeneity of the 

two populations is better explained by recent common decent. They appear to originate 

from the same ancestral upstream population at the Solimões River near Iquitos, Peru 

(cf. Kraus 1960). Sediment analyses at the northern banks of the Negro River in the 

t genetic 

vicinity of the Igapó subpopulation PG (upstream of Manaus, where the two rivers 

meet) indicate a former inflow of waters from the Solimões River (Furch 1999). Here, 

inflow of whitewater is believed to occur during high water periods via the numerous 

tributaries flowing through the lowlands separating the two rivers (Irion, pers. 

commun.; cf. Fig. 50). Such incidents may have introduced the individuals that 

established the present subpopulations at the lower Negro River (PG and AV), and 

further downstream (TM, PQ). Nevertheless, gene flow from the source populations in 

Peru is mostly confined to subpopulations along the Solimões/Amazon River, as 

reflected by both the less pronounced differentiation (according to FST, D; Table 31 & 

41) and higher estimates of gene flow (M; Table 40) within the Várzea. In contrast, the 

subpopulations along the Negro River have apparently been exposed to recen

drift, since some rare alleles (PGI 3 and ACP 3; Table 24) are even scarcer in the Igapó. 
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The subpopulation LJ in the mixedwater inundation forest, i.e. the area, where the two 

rivers unite at present (Fig. 50), is evidently composed of individuals from both Várzea 

and Igapó (cf. cluster analysis, Fig. 54: medial position of LJ within the inundation 

forests). LJ is genetically most similar (FST = 0.042 ± 0.026, D = 0.039 ± 0.022; Tables 

31 & 41) to the subpopulations of either biotope and comprises a high proportion of 

heterozygotes (H = 0.484; Table 24). The latter is characteristic of a mixed population 

in which hybridisation occurs continuously (Hartl & Clark 1989), probably due to 

constant gene flow from both Várzea and Igapó as shown by notably high values for M 

(Table 40).  

In nature, both habitat quality and geographic distance can influence the differentiation 

between subpopulations to varying degrees (Pongratz et al. 2002). Habitat-related 

differentiation between two distinct groups of subpopulations with respect to within-

group-differentiation decreases with distance (Rousset 1999). The relative effects of 

geography and ecology on genetic variation were hence evaluated by separate 

hierarchical analyses of molecular variance (AMOVA). The results show that allelic 

variation is neither explained by dividing the subpopulations into regional groups 

(Amazonia versus Amapá State; Table 37) nor according to their biotope type (Várzea, 

Igapó, mixedwater inundation forest or Terra firme; Tables 37 & 28). No allelic 

diversification among the subpopulations of P. obliterata with regard to geographic 

position or biotope type was detected. Yet the two factors (biotope and geographic 

isolation) are still not fully resolved because interactions between them cannot be 

unveiled (cf. Johannesson & Tararenkov 1997). For the PGM locus, a small proportion 

of allelic diversity separates subpopulations of floodplain (Várzea, Igapó, mixedwater) 

and upland (Terra firme) areas, but only if the remote upland subpopulation AM 

(approx. 1,000 km east, Fig. 50) was to be included in the analysis (Tables 37 & 38). 

These findings are consistent with the results of the tests for genotypic discrimination 

between the four biotopes, where significant differentiation between populations from 

upland plantations and inundation forests was also revealed at the PGM locus (Table 

35). With only a single locus (PGM) being involved in the ecotype-dependent 

diversification, a contribution of ecological selection is possible. The effect of genetic 

drift would necessarily be more consistent among loci because it should affect all loci in 

the same way (Slatkin 1985). However, the genotypic differences between flooded and 

non-flooded biotopes are related to distinct allele frequencies (PGM 1, 4 and 5 are 

absent; Table 24) along with an excess of homozygotes (PGM 2-2) in the remote 
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subpopulation AM, whereas the upland subpopulation EB revealed no such deviation. 

AM also displayed different allelic and genotypic frequencies at other loci, e.g. at the 

GOT locus (GOT 2 and 3 are absent; Tables 24 & 33) and was genetically fairly 

distinctive (FST = 0.147 ± 0.047, D = 0.139 ± 0.048; Tables 31 & 41). Evidently, 

geographic isolation and subsequent genetic drift are responsible for the genetic 

constitution of AM. Support for this can be seen in the low levels of estimated gene 

flow (M; Table 40). In contrast, the regional subpopulation EB is genetically close to 

the inundation forest subpopulations (FST = 0.044 ± 0.034, D = 0.038 ± 0.028) and 

evidently connected via gene flow (Nm, Chapter 4.2.8; M, Table 40). The assumption 

that EB occasionally receives immigrants from adjacent inundation forests (Fig. 50) is 

consistent with the evidence that the nearby Igapó subpopulation TM is genetically the 

closest to EB (FST = 0.012, D = 0.010).  

To summarise, the apparent ecotype-dependent diversification could just as well be the 

result of genetic drift in AM, but then the subpopulation AM is genetically more similar 

to EB (FST = 0.092, D = 0.077) than to inundation forest subpopulations  

(F

                    

tion, but follow the same trend as the former comparative 

hese two plantation subpopulations most likely originate from the same ancestral 

eruvian upland population. One cannot exclude that both sites are still connected by 

ST = 0.154 ± 0.045, D = 0.145 ± 0.047; Tables 31 & 41). The minor effects of recent 

spatial isolation as well as long-time ecological differentiation seem to intermingle.  

Results of Fisher exact tests in order to compare the genotypic structure (Table 33) of 

the eleven subpopulations of P. obliterata reflect the pattern of genetic subdivision 

revealed by the fixation index FST, Nei’s (1978) genetic distance D and the above-

mentioned tests of genotypic discrimination between biotopes. Analogous tests to 

evaluate the allelic structure between subpopulations (Table 34) and biotopes (Table 36) 

are supposed to be more powerful (Goudet et al. 1996). They actually showed an even 

more pronounced differentia

parameters. 

A cluster analysis of Nei’s (1978) genetic distance D did not reveal any subpopulation 

groupings according to geographic position or biotope type (Fig. 53). Since the 

reliability of a dendrogram constructed from D is possibly biased by the high level of 

average heterozygosity in P. obliterata (Nei 1978), another cluster analysis was 

computed from Tomiuk and Loeschcke’s (1991) genetic distance, which is based on 

genotype frequencies. It displayed a somewhat discrete status of the upland 

subpopulations EB and AM (Fig. 54). 

T

P
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ongoin rity of the 

ss of resident populations, while it 

g gene flow due to human activities, but the relative genetic simila

upland subpopulations most likely reflects historical rather than ongoing gene exchange.  

Even though the behaviour and environment of the two ecotypic forms (upland versus 

inundation forests) are in marked contrast, the allozyme data did not support biotope 

specific adaptation of P. obliterata in Central Amazonia. This does not rule out a 

relation between biotope-adaptive biological traits and genetic determination, because 

the evolution of ecotypes or speciation can occur in the absence of genetic 

differentiation detectable at the allozyme level and may involve only one or very few 

genes (Nevo 1990; Eber et al. 1991; Zhivotovsky et al. 1994; Mutebi et al. 1998; 

Kondrashov & Kondrashov 1999; Mopper et al. 2000). The frequencies of selectively 

neutral alleles reveal nothing about adaptive changes (Hartl 1988; Palo et al. 2003), but 

can provide information on the pattern of interaction between historically differentiated 

populations (Hilbish 1996). However, is has also been suggested that the degree of 

genetic differentiation in neutral markers may be closely predictive of the degree in loci 

coding quantitative traits (Merilä & Crnokrak 2001; McKay & Latta 2002). Future work 

should include additional subpopulations as well as the use of alternative markers to 

fully understand the processes of local acclimatisation and differentiation in the species. 

 

4.3.1.4 Local Adaptation versus Phenotypic Plasticity 
The P. obliterata subpopulations from upland and flooded environments seem to derive 

from a single population, this being consistent with the postulated origin in the Peruvian 

Andes (Golovatch & Sierwald 2001). Since the invasion of inundation forests is thought 

to have been a secondary event (Adis 1997), two discrete Peruvian populations may 

have been established in the respective biotopes. Whereas passive dispersal via 

waterways promotes the exchange of migrants within the inundation forests, overland 

gene flow among subpopulations from flooded and upland areas is evidently more 

restricted with regard to geographic distance. A limited gene flow across the 

ecologically dissimilar biotopes could have facilitated local adaptation by allowing 

microevolutionary changes that increased the fitne

could maintain the observed genetic variation (Slatkin 1985). Further reduction in gene 

flow may result, where dispersing individuals experience low survival in the other 

biotope because they possess locally inappropriate traits (McPeek & Holt 1992). Such 

an ecological discrimination could hold true for immigrants from upland areas, which 

 193



Genetic Variation 

may not cope equally well with seasonally flooded environments, while individuals 

from floodplain forests should thrive at non-flooded sites, as the absence of an aquatic 

phase facilitates survival and reproduction (cf. Chapter 3.3). Reduced hybrid fitness in 

the flooded biotope is possible if adaptations necessary for survival in this biotope are 

genetically fixed. In the event of local ecological selection (Schluter 2001), the observed 

level of gene flow maintained between opposed biotopes (EB and nearby inundation 

forests) seems only unidirectional, i.e. from inundation forests to upland areas. 

Nevertheless, ecologically driven speciation can also occur in the face of gene flow 

(Dieckmann & Doebeli 1999; Kondrashov & Kondrashov 1999; Doebeli & Dieckmann 

2003), with some loci undergoing divergent evolution, while others experience the 

homogenising effect of genetic exchange (Shaw & Danley 2003). The requirement of 

local survival strategies in the seasonally flooded biotopes could have induced 

disruptive selection and resulted in two coexisting phenotypic clusters (Dieckmann & 

Doebeli 1999), i.e. the observed ecotypes in P. obliterata. The process of adaptation to 

environmental conditions via phenotypic variants to genetically fixed criteria is known 

as ‘genetic assimilation’ (Waddington 1969). In its course, originally ‘acquired 

characters’ can become converted, by selection acting for several or many generations 

on the population concerned, into ‘inherited characters’ (Waddington 1975). The same 

could hold true for specific ecological features, e.g. a univoltine life cycle (Chapter 

3.3.2.3.1), in the inundation forest populations of P. obliterata.  

Alternatively, as suggested by comparative experiments (Chapter 3.2.5), the different 

life cycle strategies in P. obliterata may not result from local genetic adaptations but 

rather represent a response of populations through phenotypic plasticity of individuals 

to different ecological terms (cf. West-Eberhard 1989). In other words, ecological 

daptation in P. obliterata may have been accomplished by environmentally induced 

ity within a single genotype (cf. Parker et al. 1977). The postulated 

1996). Long-distance dispersers have better opportunities to colonise novel 

a

phenotypic variabil

genetic basis for such phenotypic plasticity (genotype-environment interactions) is an 

epistatic gene regulation of structural genes, whose expression results in varying effects 

on the phenotype (Scheiner & Lyman 1991; Via et al. 1995). In this epistatic model, 

regulatory loci may cause other genes to be turned on or off in particular environments, 

involving both graded and switched responses (Via et al. 1995).  

Metapopulation theory predicts a tension between the selection for good residents, 

which are locally adapted, and good dispersers, which are generally adapted (Mopper 
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environments (Shaw 1995), as here observed for P. obliterata. Therefore, high 

colonisation ability is often associated with fixed ‘general purpose’ genotypes (GPG), 

i.e. generalists characterised by high phenotypic plasticity (Baker 1965, 1974; Owens et 

al. 1999) compared to the less flexible, native specialists (Parker et al. 1977; Kaufman 

& Smouse 2001). The GPG hypothesis proposes that selection occurring prior to 

ugh molecular measures of 

ions that are genetically much less diverse than those of P. obliterata, yet highly 

ifferentiated. P. tida populations on flooded and non-flooded sites are possibly 

genetically adapted to their respective biotopes. This would be consistent with the 

colonisation may favour genotypes providing sufficient phenotypic ‘responsiveness’ to 

follow fluctuations in the environment (Parker et al. 1977; Boyce & Daley 1980). Such 

a flexible generalist strategy in the context of high geographical success in establishing 

colonies has already been suggested for thelytokous populations of the European 

millipede Nemasoma varicorne (Jensen et al. 2002). Furthermore, a positive relation 

between the molecular variance in populations and their phenotypic plasticity has been 

suggested (Fischer et al. 2000; Pluess & Stöcklin 2004), and P. obliterata appears both 

ecologically plastic (Chapter 3.2.5) and genetically diverse (Chapter 4.3.2). Sexton et al. 

(2002) suggested that both plasticity and adaptive evolution can contribute to the 

invasive potential of species. It is known that invasion events are often followed by 

rapid adaptive evolution in populations colonising new environments (Losos et al. 1997; 

Reznick et al. 1997). To invade successfully and survive environmental changes, 

colonising species such as P. obliterata may also need to possess appropriate genetic 

variation in traits most likely to be adaptive in the new environment (cf. Pease et al. 

1989; Eriksson et al. 1993; Caroll & Dingle 1996; Petit et al. 2004). The genetically 

diverse P. obliterata could possibly meet this demand. Altho

genetic diversity often show only a limited ability to predict the variability of 

quantitative trait loci (QTLs) (Pfrender et al. 2000; Morgan et al. 2001; Reed & 

Frankham 2001), a correlation between heterozygosity at marker loci and heterosis 

could be observed (Charcosset & Essioux 1994). In addition, a correlation between 

genetic variation in neutral marker loci and QTLs at the multitrait scale has recently 

been reported (Zhan et al. 2005). Consequently, it has been suggested that simple 

genetic markers may be used to draw inferences about the amount of allelic variation 

(evolutionary potential) at QTLs (McKay & Latta 2002; Latta 2004). 

The Amazonian millipede Pycnotropis tida, which is also widely distributed along the 

river Amazon/Solimões (Bachmann et al. 1998; Golovatch et al. 1998), comprises 

populat

d
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observation that the species P. tida, in comparison with the eurytopic P. obliterata, is 

restricted to Várzea, mixedwater and secondary upland forests, but not found in Igapó, 

        

structure for the cooler, wetter, north-facing slope, where animals 

in primary upland forests or on plantations (Bachmann et al. 1998). Populations of the 

likewise genetically less diverse European millipede Glomeris hexasticha also reveal 

higher levels of differentiation (Hoess et al. 1997) than those of P. obliterata and appear 

to be more restricted in terms of their biotope range (Voigtländer & Düker 2001). The 

Australian millipede Stygiochiropus communis, which is endemic to caves, displays 

considerable genetic differentiation at geographic distances up to 61 km. Though  

S. communis occurs in quite varied cave habitats, it is restricted to an area of 

approximately 770 km2 and not found in other, open biotope types (Humphreys & Shear 

1993; Humphreys & Adams 2001) Therefore, it shows a minor geographic and biotope 

range compared to the eurytopic P. obliterata, apparently representing a stenotopic, 

most likely even stenoecious species. Genetic variability in the East Mediterranean 

Tetrarthrosoma syriacum is lower than in P. obliterata, but still high compared to some 

other millipedes (Pavlíček & Nevo 1996). Since only a small part of the species’ range 

was covered in the study, it is difficult to compare genetic divergence in both 

millipedes. Low but distinct differentiation at a microgeographic level was found in the 

T. syriacum populations on two different slopes, which were only 200 m apart at the 

bottom, but varied considerably in microclimate, flora and fauna. The results suggested 

a more insular-like 

were far scarcer. According to the authors, the divergence between the slopes may 

correspond to the niche-width variation hypothesis, which predicts a positive correlation 

between niche-width and phenotypic (Van Valen 1965) or genotypic (Soule & Stewart 

1970; Nevo 1990) variation. 

Comparing the distribution, biotope range, population subdivision and genetic diversity 

of different millipedes, it appears that the species P. obliterata features a generalist 

strategy. The results show low divergence between populations of the diverse and 

widespread species, which can apparently cope well with abiotically varying biotopes 

(Chapter 3) and thus was able to invade seasonal inundation forests. Its colonising 

populations have possibly been selected to be flexible in the face of temporal variation 

in the environment and/or more tolerant to harsh environmental conditions, just as 

postulated for the thelytokous N. varicorne (Jensen et al. 2002).  
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4.3.2 Allozyme Variability Within Populations of P. obliterata 
Pronounced genetic diversity was found within eleven subpopulations of P. obliterata. 

All loci under study, PGI, PGM, ME, GOT, PK and ACP, were polymorphic in each of 

the subpopulations (95 % criterion; Sperlich 1988). The mean number of alleles per 

ely determined by ecological rather than demographic 

locus, A = 3.5 (Table 24), as well as the mean ratio of actual (k) and effective (ke) 

number of alleles per locus, k/ke = 1.8 (Table 27), coincided almost completely in all 

biotopes. The mean number of alleles per locus in P. obliterata was greater than the 

average values in other millipedes: A < 2 in Pycnotropis tida (Bachmann et al. 1998; 

Golovatch et al. 1998), 1.3 ≤ A ≥ 1.8 and 2.4 ≤ A ≥ 2.9, respectively, in two Glomeris 

taxa, G. intermedia and G. hexasticha (Hoess et al. 1997), and A = 3.1 in 

Tetrarthrosoma syriacum (Pavlíček & Nevo 1996). This shows that the species            

P. obliterata exhibits high genetic variability (El Mousadik & Petit 1996). In addition, 

the mean level of heterozygosity in P. obliterata, H = 0.393 (Table 24), was relatively 

high (cf. Nobrega et al. 2004) compared to other millipedes: H = 0.096 in P. tida 

(Bachmann et al. 1998) and H = 0.233 in T. syriacum (Pavlíček & Nevo 1996).  

Genetic variance seems to be larg

or life history factors (Nevo 1990, 2001). The relationship between genetic variability at 

selectively neutral (or nearly neutral) loci and the geographic range of a species is not 

always obvious (Krafsur 1999). Allozyme diversity is partly correlated to, and 

predictable by, ecological heterogeneity. Species living in broader environmental 

spectra are generally characterised by higher genetic diversity than their counterparts 

(Nevo 1990, 2001). It is suggested that the increased genotypic variance documented in 

extreme environments may serve as a source of novel adaptations under changed 

environments (Badyaev 2005). Associations between the molecular genetic variability 

and the survival probability of a species over a wide range of environmental conditions 

have been reported, e.g. for tadpoles (Lesbarreres et al. 2005). Furthermore, spatial 

heterogeneity of the environment coupled with balancing selection due to biotope 

heterogeneity is considered to be an important mechanism maintaining such genetic 

variation (Nevo 1990; Spichtig & Kawecki 2004).  

Hence, the above-mentioned varieties in genetic diversity may be consistent with 

different life strategies in the respective millipede species (Chapter 4.3.1.4). Along with 

the evident colonisation ability of P. obliterata, the low genetic divergence observed 

between Amazonian populations may correspond to a generalist strategy in this 
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millipede. The species’ ecological plasticity could even buffer the existing genetic 

diversity from selection (Baker 1974; Schlichting 1986). In contrast, the less diverse 

populations of the Amazonian congener P. tida are evidently locally adapted and 

occupy a more restricted biotope range (Bachmann et al. 1998; Golovatch et al. 1998). 

The same seems to hold true for the eastern Mediterranean T. syriacum (Pavlíček & 

Nevo 1996) and also for the European G. hexasticha, which is frequent in mesoxeric 

grasslands, but absent from three other dry biotopes examined in eastern Germany 

(Voigtländer & Düker 2001).  

The assumption that euryoecious species living in unstable, heterogeneous 

environments have high genetic variability (Hedrick et al. 1976; Sperlich 1988; Anlauf 

997) is supported by this study, since the genetically diverse P. obliterata has 

ccessfully colonised various biotopes, including seasonally flooded areas. 

Furthermore, its thelytokous populations have been found in European hothouses and 

even living openly in woodlands in the southern USA (Golovatch & Sierwald 2001; 

Shelley 2004). The comparatively high level of heterozygosity in the Amazonian 

populations of the species may be evidence of an increased fitness (Sperlich 1988; 

Mitton 1994). Considering genotype-environment interactions mediated by additive 

polygenic inheritance or epistasis, heterozygosity can also increase the robustness of the 

phenotype against environmental influences, leading to the maintenance of genetic 

variability even under selection (Gillespie & Turelli 1989; Gimelfarb 1989). Genetic 

diversity in turn appears to be relevant for the long-term viability of a species (El 

Mousadik & Petit 1996) and a prerequisite for future evolution (Eriksson et al. 1993), 

providing the basic material on which adaptation and speciation depend (Amos & 

Harwood 1998).  

 

4.3.3 Synopsis 
The study revealed high levels of diversity but low levels of differentiation among 

subpopulations in P. obliterata, thus supporting the classical opinion that in many cases 

most of the genetic variation resides within populations (El Mousadik & Petit 1996).  

Even though the behaviour and environment of the populations on upland plantations 

and within inundation forests are in marked contrast, they lacked clear genetic 

differentiation. The allozyme data failed to support biotope-specific adaptations in       

P. obliterata. Whether any ecological divergence at specific loci exists or if the ability 

1

su
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to colonise such different environments is based upon general phenotypic flexibility 

remains to be clarified. However, the species appears to feature a generalist strategy. It 

y distance, i.e. a relation between the geographic distribution and genetic 

seems plausible that the surveyed genetic diversity in P. obliterata is associated with the 

environmental heterogeneity within its range and represents a potential for future 

evolution. 

The pronounced genetic variability, coupled with low differentiation in respect of 

geographic position or biotope type, are evidence for a complex and dynamic 

population history in P. obliterata in Central Amazonia. The genetic structure of the 

species seems to be shaped by the combining effects of long-time evolutionary and 

recent dispersal events. Historical incidents associated with the colonisation of 

inundation forests and upland plantations along with subsequent repeated downstream 

distribution along the rivers Solimões, Amazon and lower Negro apparently contributed 

to the observed genetic pattern. The relatively strong genetic cohesion of Amazonian 

populations of P. obliterata is therefore most likely explained by recent divergence and 

contemporary gene flow. That would also account for the failure to detect any pattern of 

isolation b

similarity of subpopulations. Such a correlation was only observed at a larger scale, i.e. 

for the upland subpopulation at Amapá State which is located approximately 1,000 km 

east of Manaus. Furthermore, repeated dispersal events are in agreement with the 

inundation forest subpopulations to be treated as mixtures of resident and immigrant 

specimens, resulting in the observed lack of heterozygotes.  

Dispersal supports in particular the exchange of genetic information between 

populations and the establishment of new ones, one of the most important phenomena 

for the survival of species (Gilpin & Soule 1986). The passive drift of invertebrates by 

rivers can thus be a key process in the recolonisation of dynamic floodplain biotopes 

(Tenzer & Plachter 2003). Apparently, multiple introductions along the rivers contribute 

to the observed lack of neutral divergence and replenish the substantial genetic diversity 

in P. obliterata during colonisation. This emphasises the importance of gene flow 

within the inundation forests and hence the relevance of undisturbed afforested river 

banks. Since biotopes along the river are arranged longitudinally, the chances for the 

transported individuals to find a suitable biotope are rather high (Tenzer & Plachter 

2003). 
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5 CONCLUSIONS 

Tropical forests are considered the most species-rich ecosystems on earth and harbour 

more than 50 % of all species (Schaller 2005). The high diversity of tropical organisms 

has intrigued biologists for centuries (e.g. Darwin 1839), but is not yet sufficiently 

h

ical and 

henotypic responses to adverse 

onditions that reverse after a return to favourable conditions (Chapter 3.2.5). The 

experiments provide evidence of a higher disposition, but not exclusiveness, for some 

adaptive responses found in animals from floodplain forests. In addition, some 

dispositions appear to be field-derived, with their transference to the next generation 

possibly mediated by maternal effects (Chapter 3.3.2.3.3). It seems that remarkable 

adaptive flexibility i.e. ecological plasticity enables P. obliterata to colonise the 

understood, hence requiring a comprehension of the ecological and evolutionary 

dynamics for effective conservation strategies (Bermingham & Dick 2005). Beyond 

regional effects of climate and productivity (Turner et al. 1996; Gaston 2000; Whittaker 

et al. 2001), several additional hypotheses have been proposed to explain the high 

species richness in tropical forests. Most of these theories emphasise geograp ic 

isolation as the primary factor regulating speciation (cf. Simpson & Haffer 1978; 

Gascon et al. 2000). However, recent studies suggest that natural selection across 

ecological gradients may also give rise to speciation (Erwin & Adis 1982; Schneider et 

al. 1999; Basset et al. 2003). In particular the diversity of Neotropical arthropods is 

assumed to be based upon such processes in the Amazonian floodplain forests (cf. Adis 

1997), but so far few studies have used an ecological and genetic approach to address 

this hypothesis (Wolf & Adis 1992; Bachmann et al. 1998). This thesis provides an 

example, where field data, genetic analysis and additional experimental data were 

combined to test for such an ecological speciation process in the eurytopic millipede 

Poratia obliterata.  

The results presented in this thesis suggest that the development of survival strategies 

adaptive to annually flooded biotopes is not necessarily accompanied by speciation in 

local terrestrial arthropods. Field observations indicate ethological, phenolog

physiological adaptations in P. obliterata from floodplain forests compared to 

specimens on non-flooded uplands (Chapter 3). When estimating the genetic variation 

however, no substantial evidence for biotope specific diversification was found 

(Chapter 4). For the first time it has been shown experimentally that alternative life 

strategies in specimens from floodplains represent p

c
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contrasting biotopes (Chapter 4.3.1.4). The combined results from field, experimental 

and genetic studies in this thesis suggest that the occurrence of generalist fauna within 

the need to employ genetic markers 

y 

the Amazonian floodplain forests might be greater than previously estimated (cf. Adis 

1997). 

A fundamental question raised by this study is how, and to what extent, plasticity 

contributes to high tropical diversity. It is still a matter of controversy whether 

phenotypic plasticity is a mechanism facilitating evolution. Some authors implicate 

plasticity in speciation (Pigliucci & Murren 2003; West-Eberhard 2003; Schlichting 

2004), while de Jong (2004) opposed their conclusions and underlines the view of 

plasticity as an ecological adaptation (Via et al. 1995; Berrigan & Scheiner 2004). This 

thesis supports the latter view. Given that genotypes with higher levels of plasticity 

occupy wider niches (Soule & Stewart 1970; Nevo 1990) and are thus less affected by 

environmental change, plasticity might even delay speciation (de Jong 2004). Still, 

plasticity initially allows a species to colonise novel environments and thus may be a 

prerequisite for the adaptive evolution often following invasion events (cf. Owens et al. 

1999; Sexton et al. 2002). 

As the ecological variants of P. obliterata may easily be mistaken for discrete ecotypes 

(cf. Adis 1992b), this thesis further emphasises 

and/or other methods to understand and manage biodiversity. Extreme environments, 

such as the floodplains, can induce an increase in phenotypic and genotypic variance, 

and it is suggested that this variance is a source of novel adaptations under changed 

environments (Badyaev 2005). In this context, the substantial genetic diversity found in 

P. obliterata (Chapter 4.3.2) may allow for future evolution (cf. Eriksson et al. 1993) b

providing the potential on which adaptation and speciation can occur (cf. Amos & 

Harwood 1998). These considerations highlight the requirement to preserve processes 

that promote genetic diversity in rainforest species (Basset et al. 2003). In the study area 

the main rivers apparently serve as dispersal routes for P. obliterata on islands and 

along river banks, with gene flow maintaining the species’ high genetic diversity 

(Chapter 4.3.1.3). Detailed knowledge about the consequence of long-term isolation on 

the biological and genetic constitution of subpopulations is necessary to estimate the 

impact of restricted dispersal on P. obliterata. This may be explored through the 

investigation of genetic differentiation in isolated populations such as those found in 

European hothouses (Adis et al. 2001). Still, the importance of dispersal for biodiversity 

has long been recognised (Levins & Culver 1971; Hanski 1983; Tilman 1994; Hubbell 
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2001). Fauna in the Amazon Basin is mostly composed of subpopulations (Schaller 

2005) connected via dispersal (as shown here for P. obliterata), with biotope 

fragmentation shown to be a serious threat to the local biota (Laurance et al. 2001). 

Over the next 20 years basin-wide patterns of forest fragmentation have been predicted 

on basis of current land use and development plans, involving hydroelectric dams and 

river canalisation projects that will particularly affect floodplain fauna (cf. Laurance et 

al. 2005). Bearing the former considerations in mind, this provides a challenge for 

conservation biologists, as impending changes in the Amazon Basin will have important 

consequences for dispersal and therefore the evolution of genetic structures in the local 

fauna.  
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6 SUMMARY 

The periodic flood pulse of the Amazon River has been the main controlling factor in 

the local riverine ecosystem for at least two million years. The disturbance caused by 

forest and plantations. Like 

nd mixedwater 

sts than in those 

 

the annual inundation is reflected in poorer species diversity in affected lowlands 

compared to upland areas. Seasonality of flooding, however, has enabled long-term 

acclimatisation in resident flora and fauna. Numerous adaptations, in some cases along 

with speciation, have evolved in local terrestrial invertebrates, such as Poratia 

obliterata (Kraus, 1960). This small millipede, which probably originates from the 

Andes, is currently known from a remarkably broad range of Central Amazonian 

biotopes, i.e. various seasonal inundation forests, upland 

most native millipedes, P. obliterata appears to escape flooding by tree ascents. Such 

developed survival strategies adaptive to annual inundation can either reflect ecological 

plasticity or implicate ecological speciation, .i.e. ‘biotope-specific races’ or ecotypes. 

To assess the causal mode of adaptation, I combined ecological studies with genetic 

analyses. 

To compare life history strategies of hypothesised ecotypes in non-flooded versus 

seasonally flooded biotopes, I surveyed the behaviour and phenology of P. obliterata 

populations on a local upland plantation and in a white-, black- a

inundation forest. In addition, I conducted comparative experiments with regard to 

migration potential and possible factors regulating reproduction. I found that millipedes 

in the inundation forests migrate in direct response to the rising and receding waters and 

take refuge on tree trunks during the aquatic phase. Experiments suggest that disposition 

for such vertical migrations is higher in animals native to these fore

originating from upland areas. In the former situation, animals then take shelter under 

bark, aggregate in groups close to the water line, probably avoiding dehydration, and 

repeatedly socialise with co-occurring millipede species of similar size. In contrast, 

specimens on the upland plantation dwell on the ground in moist decaying plant debris 

without aggregation or species interactions. This population shows a plurivoltine life 

cycle, i.e. continuous reproduction, whereas a univoltine life cycle, i.e. lack of offspring 

during flooding, seems characteristic for inundation forest populations. Here, 

oviposition is apparently restricted to the terrestrial phase after females returned to the

ground. Experiments indicate an optional adult dormancy on tree trunks, but failed to 

show regulating effects of abiotic factors, such as habitat substrate, temperature, 
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humidity and resources. Both development and maturation in offspring were faster for 

populations from inundation forests compared to upland ones. This appears to be field-

derived and may allow for the floodplain populations to cope with discontinuous 

reproduction due to inundation by a faster establishment of succeeding generations 

during the terrestrial phase. 

Seasonal vertical migration, aggregation and a univoltine life cycle appear to be 

adaptive traits of individuals living in inundation forests. Specimens inhabiting flooded 

and non-flooded sites thus may be considered as different ecotypes. Therefore, I 

examined whether these ecological adaptations involve ecologically driven speciation 

           

arked contrast, the allozyme data did not 

 variation (ca. 90 %) resides within rather than 

mong subpopulations (FST = 0.079). Hence, the alternative life strategies of populations 

in floodplain areas might be a phenotypic response to environmental constrains, 

suggesting ecological plasticity in this species. Estimates of gene flow indicate long-

distance dispersal, probably downstream drift along the rivers, and/or recent expansion 

to the study area, on plantations likely due to introductions with plant material.  

Comparing the distribution, biotope range, population subdivision and genetic diversity 

of different millipedes, the species P. obliterata appears to feature a generalist strategy. 

My results show low divergence between Amazonian populations of this diverse and 

widespread species, which seems to cope well with abiotically varying biotopes and 

thus successfully invaded seasonal inundation forests.  

 
 

processes, i.e. genetically differentiated populations. Eleven subpopulations of  

P. obliterata from ten different sites in Central Amazonia, including a non-flooded 

plantation and various inundation forests, and one upland locality in Amapá State were 

compared on the basis of six polymorphic enzyme loci. Even though the behaviour and 

environment of the ecotypic forms are in m

support biotope-specific genetic adaptations of P. obliterata in Central Amazonia. 

Genetic diversity in P. obliterata (A = 3.5; H = 0.393) is higher than the average value 

in millipedes, providing a potential for future evolution, while outcrossing rates appear 

to be high, since most of the genetic

a
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7 ZUSAMMENFASSUNG 

n Landflächen ist zwar geringer als die in höher gelegenen Regionen, 

tweder in ökologischer Plastizität oder in ökologischen Artbildungs-

anzung geben.  

Seit über 2 Millionen Jahren ist der jahresperiodische Flutpuls des Amazonas die 

primäre Steuergröße für die angrenzenden Überschwemmungsgebiete. Die Artenvielfalt 

auf den betroffene

die Saisonalität der Überflutung ermöglichte jedoch die langfristige Anpassung der 

ansässigen Flora und Fauna. Bei den terrestrischen Arthropoden sind zahlreiche 

Adaptationen bekannt, die in einigen Fällen zur Artbildung führten. Die Tausendfüßer-

art Poratia obliterata (Kraus, 1960) besiedelt gegenwärtig ein breites Spektrum von 

zentralamazonischen Biotopen, zu denen sowohl diverse saisonale Überschwemmungs-

wälder als auch Festlandwald und Plantagen zählen. Wie die meisten Diplopoden im 

Überschwemmungswald scheint P. obliterata dem Hochwasser durch das Empor-

klettern an Bäumen auszuweichen. Derartige Überlebensstrategien können ihren 

Ursprung en

prozessen, z. B. der Ausbildung von Ökotypen oder „biotop-spezifischen Rassen“, 

haben. In der vorliegenden Arbeit wurden daher ökologische Untersuchungen in 

Freiland und Labor mit genetischen Analysen kombiniert, um den zugrunde liegenden 

Adaptationsmodus bei P. obliterata aufzudecken. 

Um die Lebensstrategien potentieller Ökotypen zu vergleichen, wurden das Verhalten 

und die Phänologie von P. obliterata Populationen auf einer lokalen Festlandplantage 

und in je einem saisonalen Weiß-, Schwarz- und Mischwasserüberschwemmungswald 

untersucht. Ergänzende Experimente sollten Auskunft über das jeweilige Migrations-

potential sowie eine möglicherweise abiotische Regulation der Fortpfl

Die Tiere in den Überschwemmungswäldern weichen dem auflaufenden Wasser 

temporär in die Stammregion aus und kehren bei sinkendem Wasserpegel auf den 

Waldboden zurück. Die Neigung zur Vertikalwanderung ist bei den ansässigen Tieren 

stärker ausgeprägt als bei Tieren, die aus der Festlandregion stammen. Während der 

Überflutungsphase verbergen sich die Tausenfüßer unter der Baumrinde und bilden 

Gruppen - auch in Vergesellschaftung mit anderen Diplopodenarten - in der Nähe der 

Wasserlinie, vermutlich um Austrocknung zu vermeiden. Dagegen halten sich die Tiere 

der Festlandplantage in feuchtem Pflanzenmaterial auf dem Boden auf und zeigen 

weder Aggregation noch Interaktionen mit anderen Arten. Auch der Lebenszyklus 

unterscheidet sich. Während die Festlandpopulation einen plurivoltinen Lebenszyklus 

(kontinuierliche Reproduktion) aufweist, scheint ein univoltiner Lebenszyklus (ohne 

 205



Zusammenfassung 

Nachwuchs während der Überflutungsphase) kennzeichnend für Populationen in Über-

schwemmungswäldern zu sein. Experimente deuten eine optionale Dormanz der adulten 

Tiere in der Stammregion an, wobei eine Regulation durch abiotische Faktoren 

(Habitatsubstrat, Temperatur, Feuchtigkeit und Nahrungsressourcen) nicht nachge-

wiesen werden konnte. Entwicklung und Geschlechtsreife erfolgen bei dem Nachwuchs 

der Überschwemmungswaldpopulation vergleichsweise schneller. Dies wird offenbar 

durch Umwelteinflüsse bewirkt und erlaubt den betroffenen Tieren vermutlich die 

ie auf ökologische Plastizität hindeutet. Die genetische Diversität 

, 

ralisten-Strategie zu verfolgen. Die Ergebnisse meiner Untersuchungen zeigen eine 

geringe Divergenz zwischen den amazonischen Populationen dieser genetisch diversen, 

weit verbreiteten Art, die offenbar mit abiotisch variierenden Biotopen gut zurecht 

kommt und daher in der Lage war, die Überschwemmungswälder zu besiedeln. 

 

Etablierung von zwei aufeinander folgenden Generationen in der terrestrischen Phase. 

Da saisonale Wanderungen, Aggregationen und ein univoltiner Lebenszyklus adaptive 

Merkmale der Individuen in Überschwemmungswäldern zu sein scheinen, könnten die 

Populationen in den verschiedenen Biotopen als Ökotypen angesehen werden. Um zu 

untersuchen, ob diese ökologischen Anpassungen von P. obliterata mit Artbildung 

einhergehen, wurden Subpopulationen von zehn zentralamazonischen Standorten (eine 

Festlandplantage und diverse Überschwemmungswälder) und einer Plantage aus dem 

ostamazonischen Amapá anhand von sechs polymorphen Enzymloci verglichen. 

Obwohl sich das Verhalten und die Umwelt der ökologischen Varianten stark unter-

scheiden, belegen die Allozymdaten keine biotopspezifische Differenzierung der 

Populationen. Die alternativen Lebensstrategien der Tiere in den Überschwemmungs-

wäldern stellen daher vermutlich eine phänotypische Reaktion auf Umweltein-

schränkungen dar, d

von P. obliterata (A = 3,5; H = 0,393) ist zudem höher als der Durchschnittswert bisher 

untersuchter Tausendfüßerarten und könnte Potential für zukünftige Evolution bieten. 

Da der Großteil dieser Variabilität (ca. 90 %) innerhalb anstatt zwischen den Sub-

populationen (FST = 0,079) zu finden ist, scheinen die Auskreuzungsraten hoch zu sein. 

Abschätzungen des Genflusses weisen auf Ausbreitung über weite Distanzen hin

vermutlich durch passive Verdriftung flussabwärts, und/oder auf eine erst kürzlich 

erfolgte Ansiedlung der Art im Untersuchungsgebiet. 

Vergleicht man die Verbreitung, das Biotopspektrum, und die genetische Differen-

zierung und Diversität verschiedener Tausendfüßerarten, so scheint P. obliterata eine 

Gene

 206



Acknowledgements 

 

8 ACKNOWLEDGEMENTS 

l to Dr. Suzana Ketelhut for her friendly introduction into the everyday 

s T. Sperber, who 

and Plön for the diverting and nice time! I met a lot of marvelous people there, but 

I would like to thank all the people who encouraged, supported, advised and helped me 

during my PhD. It is not possible to mention everybody by name. Thank you! 

I am particularly grateful to Prof. Dr. Joachim Adis for a lot of academic freedom, his 

support and the constructive supervision of my work. I am also very grateful to Prof. 

Dr. Jost Kömpf and Prof. Dr. Jürgen Tomiuk for their extensive support in the genetic 

part of my work. Many thanks go to Prof. Dr. Sergei Golovatch, who kindly introduced 

me to the millipedes’ world. Special thanks go to Prof. Dr. Wolfgang Junk, who 

provided all necessary resources, especially for a generous studentship. I thank Prof. Dr. 

Thomas Bauer for kindly accepting to evaluate this thesis. 

I am gratefu

researcher’s life in Manaus. Special thanks for their aid in organisational and logistic 

issues go to: Dr. Maria T. F. Piedade, the project leader who never lost her good humor; 

†Uwe Thein, who taught me how to survive in the urban jungle of Manaus; Dr. Joselita 

M. M. Santos, who heartily received me at her lab facilities; and also to Celso R. & 

Lucia M. Costa, Edivaldo S. Ferreira, Dr. Florian Wittmann, Dr. Jochen Schöngart, 

Juraci F. Maia, Milton C. Bianchini, as well as the boat drivers, particularly Francis, 

Mario and Angenor. I owe one year of financial funding to the DAAD.  

Many thanks go to Dr. Chris Harrod, Dr. Gyoergy Abrusan and Christophe Eizaguirre 

for their help with statistics. I am particularly grateful to Dr. Carlo

developed the linear mixed effect model. I appreciate Derk Wachsmuth's unfailing 

assistance with any problem of soft- or hardware. I thank Dr. Edward Brede and Dr. 

Helmut Schaschl for inspiring discussions about population genetics.  

I very much appreciate the proof-readings of Prof. Dr. Sergei Golovatch, Dr. Elke 

Reichwaldt, Dr. Kerstin Krobbach, Dr. Ilonka Jäger, Dr. Katrin Hammerschmidt and the 

native speakers Dr. Sarah Yeates, Dr. Edward Brede and Dr. Chris Harrod, who I could 

always ask for advice. I am grateful to all staff of the MPIL Plön, particularly our group, 

for the comfortable working atmosphere. I appreciate the help of Berit Hansen (also for 

her good spirits), Dr. Matthias Zerm, Norbert Dockal, Elke Bustorf, Sabine Meier and 

Prof. Dr. Winfried Lampert. I thank Brigitte Lechner and Edeltraud Lesky for numerous 

papers. I appreciate Leandro Battirola’s Brazilian translation of the acknowledgements. 

As to life beyond research, I want to heartily thank all collegues and friends in Manaus 

 207



Acknowledgements 

especially David, Lu, Marco, Chris, Berto, Aldi and also Julia, Mireide, Florisinho and 

Mareike who made Amazonia my home. In Plön, I owe in particular Kerstin, Ilonka, 

, Adi, Ronny, Rüdiger B., Sven, 

Sara, Elke, Katrin, Ralf, Eddie and Frederike golden hours at sports (compliments to the 

Haidong team!), games (Salut from Jorrín) and more. Special thanks go to Ilonka, 

Kerstin and Elke for their encouragement and support! Thank you for the fun during our 

training, tourneys and ‘après epee’ to the swordsmen and -women in Kiel, to Philipp, 

Katja I., Katja F., Maic, and in particular Uli and Arne. I thank Prof. Dr. Klaus Dierßen, 

Dr. Wolfgang Böckeler and all participants for unforgettable excursions to Iceland and 

Costa Rica.  

I am very grateful to my longtime friends, who kept in touch even when I was in distant 

Brazil. My special thanks go to Sweti and Kati, who always supported me, especially 

during hard times. For this support I am also grateful to Didi and Luis. I thank Diet for 

his understanding. Many thanks go to Hühnchen

Rüdiger D., Uli, Dirk, Thorsten and Shelly.  

In particular, I want to thank my family for their affectionate support, understanding and 

faith. Hearty thanks go to my parents, Ralf and †Christa, my tropics-tested sister Jeanni 

and my grandparents, Heinz, †Rosa, and especially Granny Gisela, who gave me a 

home during the time I spent in Plön.  

 

 208



Danksagung 

 

9 DANKSAGUNG 

Ich möchte hier all denen danken, die mir in der Zeit meiner Doktorarbeit moralisch 

oder mit Rat und Tat zur Seite gestanden haben. Nicht alle sind hier namentlich 

ir gewährte 

uk für ihre intensive und geduldige Hilfe bei der Populationsgenetik. Bei Prof. Dr. 

er Tausendfüßer bedanken. Vielen Dank an Prof. Dr. Wolfgang 

Koreferates. 

fe bei organisatorischen/logistischen Angelegenheiten 

als Deutscher im Manausdschungel zurecht kommt; Dr. Joselita M. M. Santos, weil sie 

Edivaldo S. Ferreira, Dr. Florian Wittmann, Dr. Jochen Schöngart, Juraci F. Maia, 

ch Dr. Chris Harrod, Dr. Gyoergy 

bedanken. Dem Personal vom Rechenzentrum am MPI Plön, und hier ganz 

Dr. Kerstin Krobbach, Dr. Ilonka Jäger, Dr. Katrin Hammerschmidt und den „native 

speakers“ Dr. Sarah Yeates, Dr. Edward Brede und Dr. Chris Harrod, bei denen ich 

jederzeit anklopfen konnte, wenn ich Fragen hatte, ganz herzlich danken. Der 

erwähnt. Danke! 

Mein Dank gilt an erster Stelle Prof. Dr. Joachim Adis für die m

akademische Freiheit, seine Unterstützung und die konstruktive Betreuung meiner 

Arbeit. Besonders danken möchte ich auch Prof. Dr. Jost Kömpf und Prof. Dr. Jürgen 

Tomi

Sergei Golovatch möchte ich mich für die freundliche Einweisung in die 

wissenschaftliche Welt d

Junk für die Bereitstellung aller erforderlichen Ressourcen, insbesondere das rettende 

Stipendium. Prof. Dr. Thomas Bauer bin ich dankbar für die freundliche Übernahme des 

Dr. Suzana Ketelhut danke ich für die herzliche Einführung in das Alltags- und 

Forscherleben in Manaus. Für Hil

in Amazonien gilt mein Dank besonders: Dr. Maria T. F. Piedade, weil sie trotz der 

stressigen Projektleitung nie ihren Humor verlor; †Uwe Thein, der mir zeigte, wie man 

mich herzlich in ihre Laborräume aufnahm; und auch Celso R. & Lucia M. Costa, 

Milton C. Bianchini und den Bootsfahrern, v.a. Francis, Mario und Agenor. Dem 

DAAD gebührt mein Dank für 1 Jahr finanzielle Förderung vor Ort.  

Für ihre Beratung bei statistischen Fragen bin i

Abrusan und Christophe Eizaguirre sehr dankbar. Bei Dr. Carlos T. Sperber möchte ich 

mich an dieser Stelle ausdrücklich für seine Entwicklung des „linear mixed effect 

model“ 

besonders Derk Wachsmuth, gebührt mein aufrichtiger Dank für unermüdliche Hilfe bei 

allen Problemen mit Soft- oder Hardware. Ich danke Dr. Edward Brede und Dr. Helmut 

Schaschl für anregende Diskussionen über Populationsgenetik. Für das Korrekturlesen 

von Teilen dieser Arbeit möchte ich Prof. Dr. Sergei Golovatch, Dr. Elke Reichwaldt, 

 209



Danksagung 

Belegschaft des MPIL Plön, v.a. der AG Tropenökologie, gilt mein besonderer Dank für 

die angenehme und hilfsbereite Arbeitsatmosphäre. Ich möchte besonders Berit Hansen 

(auch für ihre unerschütterlich gute Laune), Dr. Matthias Zerm, Norbert Dockal, Elke 

 habe dort viele wunderbare Menschen getroffen, aber insbesondere 

(einen lieben Gruß an die Haidongtruppe!), Spiel (Jorrín läßt ebenfalls grüßen) und 

lke! Viel Spaß bei gemeinsamen Training, 

Island und Costa Rica danke ich Prof. Dr. Klaus Dierßen, Dr. Wolfgang Böckeler und 

immer für mich da waren, v.a. in einer schweren Zeit. Für diesen Beistand möchte ich 

te ich mich bei meiner Familie für liebevolle 

sondere Oma Gisela, die mir während der Zeit in Plön ein Zuhause gegeben 

Bustorf, Sabine Meier und auch Prof. Dr. Winfried Lampert für ihre Hilfe danken. 

Brigitte Lechner und Edeltraut Lesky danke ich für das Beschaffen von zahlloser 

Literatur. Leandro Battirola bin ich dankbar für die brasilianische Übersetzung dieser 

Danksagung. 

Was das Leben neben der Forschung angeht, möchte ich mich bei allen Kollegen und 

Freunden aus Manaus und Plön herzlich für die abwechslungsreiche, und schöne Zeit 

bedanken! Ich

David, Lu, Marco, Chris, Berto, Aldi und Julia, Mireide, Florisinho und Mareike haben 

aus Amazonien ein Zuhause werden lassen. In Plön verdanke ich besonders Kerstin, 

Ilonka, Sara, Elke, Katrin, Ralf, Eddie und Frederike glückliche Stunden bei Sport 

vielem mehr. An dieser Stelle nochmal ein großes Dankeschön für nicht nur moralische 

Unterstützung an Ilonka, Kerstin und E

Turnieren und „après Degen“ verdanke ich auch den Kieler Fechtern, v.a. Philipp, Katja 

I., Katja F., Maic, und insbesondere Uli und Arne. Für unvergessliche Exkursionen nach 

allen Teilnehmern. 

Ich möchte meinen langjährigen Freunden, die bis ins ferne Brasilien den Kontakt 

aufrechterhielten, herzlich danken. Mein besonderer Dank gilt Sweti und Kati, die 

auch Didi und Luis danken. Diet bin ich dankbar für sein Verständnis. Lieben Dank an 

Hühnchen, Adi, Ronny, Rüdiger B., Sven, Rüdiger D., Uli, Dirk, Thorsten und Shelly. 

Ganz besonders bedanken möch

Unterstützung, Verständnis und Vertrauen. Herzlichen Dank an meine Eltern, Ralf und 

†Christa, meine tropentaugliche Schwester Jeanni, und meine Großeltern, Heinz, †Rosa, 

und insbe

hat.  

 210



Agradecimentos 

 

10 AGRADECIMENTOS 

Eu gostaria de agradecer à todos que me auxiliaram durante o doutorado por meio de 

estímulos, conselhos ou ações. Nao é possivel mencionar o nome de todos. Obrigada!  

Eu sou particularmente grata a Prof. Dr. Joachim Adis por me conceder liberdade 

acadêmica, pelo apoio e pela construtiva orientação de meu trabalho. Eu sou muito grata 

 Sergei Golovatch, que gentilmente me 

homas Bauer pelas contribuições como avaliada 

 e logísticas a: Dr. Maria T. F. Piedade pelo seu bom humor apesar de 

nte recebeu-me em seu laboratório, Celso R. & Lucia M. Costa, Edivaldo S. 

pelo auxílio financeiro ao longo de um ano, concedido pelo DAAD.  

Jäger, Dr. Katrin Hammerschmidt e os “native speakers” Dr. Sarah Yeates, Dr. Chris 

eu sempre pude pedir conselhos. Agradeço a todos os profissionais do MPIL Plön, 

a Prof. Dr. Jost Kömpf e Prof. Dr. Jürgen Tomiuk pela imensa ajuda na parte genética 

deste trabalho. Muito obrigada a Prof. Dr.

familiarizou com o mundo dos milípedes. Especial obrigada para Prof. Dr. Wolfgang 

Junk, que disponibilizou todos os recurso necessários, especialmente a generosa bolsa 

de estudos. Eu agradeço a Prof. Dr. T

do trabalho. 

Agradeço à Dr. Suzana Ketelhut pela amigável acolhida e por mostrar-me o cotidiano e 

a vida de pesquisas em Manaus. Especial obrigada pela ajuda nas questões 

organizacionais

sempre estar ocupada na coordenação do projeto, †Uwe Thein pelas dicas para a 

sobrevivência de uma alemá na selva da cidade grande, Dr. Joselita M. M. Santos, que 

cordialme

Ferreira, Dr. Florian Wittman, Dr. Jochen Schöngart, Juraci F. Maia, Milton C. 

Bianchini e aos pilotos de barco, particularmente Francis, Mario e Agenor. Agradeço 

Obrigada a Dr. Chris Harrod, Dr. Gyoergy Abrusan e Dr. Christophe Eizaguirre pelos 

conselhos referentes as análises estatísticas. Especial obrigada a Dr. Carlos T. Sperber 

pelo desenvolvimento do ‘linear mixed effect’ modelo. Agradeço a Derk Wachsmuth 

pela constante assistência nos problemas de soft ou hardware. Muito obrigada a Dr. 

Edward Brede e Dr. Helmut Schaschl pelas discussões genéticas. Eu agradeço muito a 

Prof. Dr. Sergei Golovatch, Dr. Elke Reichwaldt, Dr. Kerstin Krobbach, Dr. Ilonka 

Harrod e Dr. Edward Brede, pelos correções textuais em partes do manuscrito, e a quem 

particularmente nosso grupo, pelo agradável ambiente de trabalho. Eu agradeço a Berit 

Hansen, Dr. Matthias Zerm, Norbert Dockal, Elke Bustorf, Sabine Meier e Prof. Dr. 

Winfried Lampert pela ajuda. Obrigada a Brigitte Lechner e Edeltraut Lesky pelos 

 211



Agradecimentos 

numerosos artigos. Eu agradeço Leandro Battirola pela tradução destes agradecimentos 

para português. 

Na vida fora da pesquisa, quero cordialmente agradecer a todos colegas e amigos em 

ilhosas ali, mas especialmente David, Lu, Marco, Chris, Berto, Aldi e também 

., Katja F., Maic e particularmente Uli e Arne. 

Eu sou muito grata a meus velhos amigos, que sempre estavam presentes quando eu 

Ronny, Rüdiger B., Sven, Rüdiger D., Uli, Dirk, Thorsten e Shelly. 

eço meus pais, Ralf e †Christa, minha irmã Jeanni, 

 o tempo que estive em Plön.  

Manaus e Plön pelos divertidos e bons momentos! Eu encontrei muitas pessoas 

marav

Julia, Mireide, Florisinho e Mareike que fizeram da Amazônia minha casa. Em Plön, 

particularmente devido a Kerstin, Ilonka, Sara, Elke, Katrin, Ralf, Eddie e Frederike tive 

momentos alegres, nos esportes (Haidong: Charyot!), jogos (saudação de Jorrín) entre 

outras. Especial obrigada a Ilonka, Kerstin e Elke pelos estímulos! Eu também agradeço 

pelas muitas diversões durante nossos treinos, torneios e “aprés espada”, aos praticantes 

de esgrima em Kiel, Philipp, Katja I

Obrigada a Prof. Dr Klaus Dierßen, Dr. Wolfgang Böckeler e participantes das 

inesquecíveis excursões para Islândia e Costa Rica.  

estava distante, no Brasil. Meus especiais agradecimentos vão para Sweti e Kati, que 

sempre me apoiando, especialmente nos momentos difíceis. Pelo esse apoio eu também 

agradeço a Didi, e Luís. Sou grata a Diet pelo seu compreensão. Muito obrigada a 

Hühnchen, Adi, 

Em particular, quero agradecer a minha família pelo seu afetuoso apoio, compreensão e 

confiança. Cordialmente agrad

avaliada nos trópicos, e meus avós Heinz, †Rosa, e especialmente minha vovó Gisela, 

que me acolheu durante

 

  

 212



References 

 

11 REFERENCES 

ADIS, J. (1977): Programa mínimo para análises de ecossistemas: Artrópodos terrestres 
em florestas inundáveis da Amazônia Central. Acta Amazonica 7: 223-229. 

ADIS, J. (1986): An "aquatic" millipede from a Central Amazonian inundation forest. 
Oecologia 68: 347-349. 

 (1997): Terrestrial invertebrates: survival strategies, group spectrum, 

achnida 

ground beetle (Col.: Carabidae: 
Odacanthini: Colluris) inhabiting Central Amazonian inundation forests. Studies on the 
Neotropical Fauna and Environment 32: 174-192. 

ADIS, J., FODDAI, D., GOLOVATCH, S. I., HOFFMAN, R. L., MINELLI, A., 
MORAIS, J. W., PEREIRA, L. A., SCHELLER, U., SCHILEYKO, A. A. & WÜRMLI, 
M. (2002): Myriapoda at 'Reserva Ducke', Central Amazonia/Brazil. Amazoniana 17: 

GOLOVATCH, S. I. & HAMANN, S. (1996a): Survival strategy of the 
terricolous millipede Cutervodesmus adisi Golovatch (Fuhrmannodesmidae, 
Polydesmida) in a blackwater inundation forest of Central Amazonia (Brazil) in 
response to the flood pulse. In: GEOFFROY, J.-J., MAURIES, J.-P. & NGUYEN 

, J., GOLOVATCH, S. I., HOFFMAN, R. L., HALES, D. F. & BURROWS, F. J. 
(1998): Morphological adaptations of the semiaquatic millipede Aporodesminus 

ADIS, J. (1981): Comparative ecological studies of the terrestrial arthropod fauna in 
Central Amazonian inundation forests. Amazoniana 7: 87-173. 

ADIS, J. (1984): 'Seasonal igapó' forests of Central Amazonian blackwater rivers and 
their terrestrial arthropod fauna. In: SIOLI, H. (ed): The Amazon. Limnology and 
landscape ecology of a mighty tropical river and its basin. Junk Publ., Dordrecht: 245-
268. 

ADIS, J. (1992a): On the survival strategy of Mestosoma hylaeicum Jeekel, a millipede 
from Central Amazonian floodplains. Berichte des naturwissenschaftlich-medizinischen 
Vereins Innsbruck 10: 183-187. 

ADIS, J. (1992b): Überlebensstrategien terrestrischer Invertebraten in Über-
schwemmungswäldern Zentralamazoniens. Verhandlungen des Naturwissenschaftlichen 
Vereins in Hamburg 33: 21-114. 

ADIS, J.
dominance and activity patterns. In: JUNK, W. E. (ed): The Central Amazonian 
floodplain. Ecology of a pulsing system. Springer, Berlin: 299-317. 

ADIS, J. (2002): Sampling sites at Manaus. In: ADIS, J. (ed): Amazonian Ar
and Myriopoda. Pensoft, Moscow: 7-12. 

ADIS, J., AMORIM, M. A., ERWIN, T. L. & BAUER, T. (1997): On ecology, life 
history and survival strategies of a wing-dimorphic 

15-25. 

ADIS, J., 

DUY-JAQUEMIN, M. (eds): Acta Myriapodologia Paris. Mémoires du Muséum 
National d'Histoire Naturelle 169: 523-532. 

ADIS

 213



References 

wallacei Silvestri 1904 with notes on the taxonomy, habitats and ecology of this and a 
related species (Pyrgodesmidae Polydesmida Diplopoda). Tropical Ecology 11: 371-
387. 

ADIS, J., GOLOVATCH, S. I., WILCK, L. & HANSEN, B. (2001): On the identities of 
Muyudesmus obliteratus KRAUS, 1960 versus Poratia digitata (Porat, 1889), with first 

nsiderations on the pyrethrum-fogging technique. Studies on the Neotropical 
Fauna and Environment 19: 223-236. 

, J. M. G. (1988): 

ADIS, J. & MESSNER, B. (1997): Adaptation to life under water: tiger beetles and 
 a 

pulsing system. Springer, Berlin: 318-330. 

ADIS, J., MORAIS, J. W. & SCHELLER, U. (1996b): On abundance, phenology and 
natural history of Symphyla from a mixedwater inundation forest in Central Amazonia, 

ADIS, J. & SCHUBART, H. O. R. (1984): Ecological research on arthropods in Central 
Amazonian forest ecosystems with recommendations for study procedures. In: 
COOLEY, J. H. & GOLLEY, F. B. (eds): Trends in ecological research for the 1980s. 

uatic and terrestrial arthropods in Central Amazonian 
13

 & MOLCARD, A. (2003): Hitch-hiking on floating marine debris: 
macrobenthic species in the Western Mediterranean Sea. Hydrobiologia 503: 59-67. 

ALLEE, W. C. (1926): Studies in animal aggregations: causes and effects of bunching 
in land isopods. Journal of Experimental Zoology 45: 255-277. 

biological observations on parthenogenetic and bisexual populations (Diplopoda: 
Polydesmidae: Pyrgodesmidae). Fragmenta Faunistica 43: 149-170. 

ADIS, J. & JUNK, W. E. (2002): Terrestrial invertebrates inhabiting lowland river 
floodplains of Central Amazonia and Central Europe: a review. Freshwater Biology 47: 
711-731. 

ADIS, J. & LATIF, M. (1996): Amazonian arthropods respond to El Niño. Biotropica 
28: 403-408. 

ADIS, J., LUBIN, Y. D. & MONTGOMERY, G. G. (1984): Arthropods from the 
canopy of inundated and terra firme forests near Manaus near Manaus, Brazil, with 
critical co

ADIS, J., MAHNERT, V., MORAIS, J. W. & RODRIGUES
Adaptation of an Amazonian pseudoscorpion (Arachnida) from dryland forests to 
inundation forests. Ecology 69: 287-291. 

millipedes. In: JUNK, W. E. (ed): The Central Amazonian floodplain. Ecology of

Brazil. In: GEOFFROY, J.-J., MAURIES, J.-P. & NGUYEN DUY-JAQUEMIN, M. 
(eds): Acta Myriapodologia. Mémoires du Muséum National d'Histoire Naturelle 169: 
607-616. 

Plenum Press, New York: 111-144. 

ADIS, J. & VICTORIA, R. L. (2001): C3 or C4 Macrophytes: a specific carbon source 
for the development of semi-aq
river-floodplains according to δ C values. Isotopes Environmental Health Studies 37: 
193-198. 

ALIANI, S.

 214



References 

AMARAL, I. L. D., ADIS, J. & PRANCE, G. T. (1997): On the vegetation of a 
seasonal mixedwater inundation forest near Manaus, Brazilian Amazonia. Amazoniana 
13: 335-347. 

mics and resource use in the 
canopy. Cambridge University Press, Cambridge: 237-255. 

AMORIM, M. A., ADIS, J. & PAARMANN, W. (1997): Ecology and adaptations of 
the tiger beetle Pentacomia egregia (Chaudoir) (Cicindelinae: Carabidae) to Central 

AMOS, W. & HARWOOD, J. (1998): Factors affecting levels of genetic diversity in 
natural populations. Philosophical Transactions of the Royal Society of London, Series 
B: Biological Sciences 353: 177-186. 

ANLAUF, A. (1997): Enzyme variability of Tubifex tubifex (Müller) (Oligochaeta, 

ANLAUF, A. & NEUMANN, D. (1997): The genetic variability of Tubifex tubifex 

ASHWINI, K. M. & SRIDHAR, K. R. (2005): Leaf litter preference and conversion by 

ich. Walter de Gruyter & Co, 

 65-69. 

AVISE, J. C. (1994): Molecular markers, natural history and evolution. Chapman and 

AMEDEGNATO, C. (2003): Microhabitat distribution of forest grasshoppers in the 
Amazon. In: BASSET, Y., NOVOTNY, V., MILLER, S. E. & KITCHING, R. L. (eds): 
Arthropods of tropical rainforests: spatio-temporal dyna

Amazonian floodplains. Ecotropica 3: 71-82. 

Tubificidae) and seven other tubificid species. Archiv für Hydrobiologie 139: 83-100. 

(MÜLLER) in 20 populations and its relation to habitat type. Archiv für Hydrobiologie 
139: 145-162. 

a saprophagous tropical pill millipede, Arthrosphaera magna Attems. Pedobiologia 49: 
307-316. 

ATTEMS, C. (1937): Polydesmoidea I. Fam. Strongylosomidae. In: SCHULZE, F. E., 
KÜKENTHAL, W., HEIDER, K. & HESSE, R. (eds): Das Tierreich. Walter de Gruyter 
& Co, Berlin: 1-300. 

ATTEMS, C. (1940): Polydesmoidea III. Fam. Polydesmidae, Vanhoeffenidae, 
Cryptodesmidae, Oniscodesmidae, Shaerotrichopidae, Peridontodesmidae, 
Rhachidesmidae, Macellolophidae, Pandirodesmidae. In: SCHULZE, F. E., KÜKEN-
THAL, W., HEIDER, K. & HESSE, R. (eds): Das Tierre
Berlin: 1-577. 

AUDISIO, P., DE BIASE, A., ANTONINI, G., OLIVERIO, M., KETMAIER, V. & DE 
MATTHAEIS, E. (2002): Specific distinction by allozymic data of sympatric sibling 
species of the pollen-beetle genus Meligethes (Coleoptera, Nitidulidae). Italian Journal 
of Zoology 69:

AUERBACH, C. (1951): The centipedes of the Chigaco area with special reference to 
their ecology. Ecological Monographs 21: 97-124. 

AVISE, J. C. (1974): Systematic value of electrophoretic data. Systematic Zoology 23: 
465-481. 

Hall, New York. 

 215



References 

AYALA, F. J. & POWELL, J. R. (1972): Allozymes as diagnostic characters of sibling 
species of Drosophila. Proceedings of the National Acadamy of Science of the United 
States of America 69: 1094-1096. 

 Drosophila. Evolution 28: 576-
592. 

ing seasonally inundated 
and non-flooded Amazonian forests. Journal of Zoological Systematics & Evolutionary 

genetic assimilation. Proceedings of the Royal Society of London - Series 
B: Biological Sciences 272: 877-886. 

atoiulus moreletti (Diplopoda: Julida; Julidae) in relation to other Ommatoiulus 
species on the south-western Iberian Peninsula. Journal of Zoology 221: 99-111. 

f the millipede, Ommatoiulus 
moreletii (Diplopoda: Iulidae). Journal of Zoology 186: 229-242. 

aracteristics and modes of origin of weeds. In: BAKER, H. 
G. & STEBBINS, G. L. (eds): Genetics of colonizing species. Academic Press, New 

BAKER, H. G. (1974): The evolution of weeds. Annual Review of Ecology and 
Systematics 5: 1-24. 

BALKAU, B. J. & FELDMAN, M. W. (1973): Selection for migration modification. 

BANDYOPADHYAY, S. & MUKHOPADHAYAYA, M. C. (1988): Distribution of 2 

ds and Taylor's Power Law. Pedobiologia 32: 7-10. 

vestigation into the genital morphology of the southern African 
Spirostreptid millipede Orthoporus pyrhoecephalus. Journal of Zoology 211: 511-522. 

SSET, Y., 

AYALA, F. J., TRACEY, M. L., HEDGECOCK, D. & RICHMOND, R. C. (1975): 
Genetic differentiation during the speciation process in

BACHMANN, L., TOMIUK, J., ADIS, J. & VOHLAND, K. (1998): Genetic 
differentiation of the millipede Pycnotropis epiclysmus inhabit

Research 36: 65-70. 

BADYAEV, A. V. (2005): Stress-induced variation in evolution: from behavioural 
plasticity to 

BAILEY, P. T. & MENDONCA, T. R. (1990): The distribution of the millipede 
Omm

BAKER, G. H. (1978): The population dynamics o

BAKER, H. G. (1965): Ch

York: 137-172. 

Genetics 74: 171-174. 

species of polydesmid millipedes Orthomorpha coarcata and Streptogonopus phipsoni 
in the grasslan

BARNETT, M., TELFORD, S. R. & DE VILLIERS, C. J. (1993): Sperm displacement 
in a millipede? An in

BASSET, Y., NOVOTNY, V., MILLER, S. E. & KITCHING, R. L. (2003): 
Conclusion: arthropods, canopies and interpretable patterns. In: BA
NOVOTNY, V., MILLER, S. E. & KITCHING, R. L. (eds): Arthropods of tropical 
forests. Spatio-temporal dynamics and resource use in the canopy. Cambrigde 
University Press, Cambridge. 

BECK, L. & FRIEBE, B. (1981): Verwertung von Kohlehydraten bei Oniscus asellus 
(Isopoda) and Polydesmus angustus (Diplopoda). Pedobiologia 21: 19-21. 

 216



References 

BECK, L., HÖFER, H., MARTIUS, C., RÖMBKE, J. & VERHAAGH, M. (1997): 
Bodenbiologie tropischer Regenwälder. Geographische Rundschau 49: 24-31. 

BERCOVITZ, K. & WARBURG, M. R. (1988): Factors affecting egg-laying and clutch 
a in 

Israel. Soil Biology and Biochemistry 20: 869-874. 

esmidae). Arthropoda 
Selecta 14: 297-298. 

rmecodesmus hastatus (SCHUBART, 1945) in Amazonia of Brazil 
(Diplopoda: Polydesmida: Pyrgodesmidae). Amazoniana 18: 157-161. 

BERGHOLZ, N. G. R., ADIS, J. & GOLOVATCH, S. I. (2005): The millipede Poratia 
insularis (Kraus, 1960) new to the fauna of Brazil (Diplopoda: Polydesmida: 
Pyrgodesmidae). Arthropoda Selecta 13: 123-127. 

BERMINGHAM, E. & DICK, C. W. (2005): Overview: The history and ecology of 
tropical rainforest communities. In: BERMINGHAM, E., DICK, C. W. & MORITZ, C. 

): Modeling the evolution of phenotypic 

0: 

 

BEEBEE, T. & ROWE, G. (2004): An introduction to molecular ecology. Oxford 
University Press Inc., New York. 

size of Archispirostreptus tumuliporus judaicus (Attems) (Myriapoda), Diplopod

BERGHOLZ, N. G. R. (2006): The millipede Cylindrodesmus hirsutus (Pocock, 1889) 
new to the fauna of Costa Rica (Diplopoda: Polydesmida: Haplod

BERGHOLZ, N. G. R., ADIS, J. & GOLOVATCH, S. I. (2004): New records of the 
millipede My

(eds): Tropical rainforests: past, present and future. The University of Chicago Press, 
Chicago. 

BERRIGAN, D. & SCHEINER, S. M. (2004
plasticity. In: DEWITT, T. J. & SCHEINER, S. M. (eds): Phenotypic plasticity: 
functional and conceptual approaches. Oxford University Press, Oxford: 82-97. 

BHAKAT, S., BHAKAT, A. & MUKHOPADHAYAYA, M. C. (1989): The 
reproductive biology and postembryonic development of Streptogonopus philipsoni 
(Diplopoda: Polydesmoidea). Pedobiologia 33: 33-47. 

BHAKAT, S. N. (1989): The population ecology of Orthomorpha coarctata 
(Diplopoda: Polydesmidae). Pedobiologia 33: 49-59. 

BLOWER, J. G. (1970a): Notes on the life-histories of some British Iulidae. Bulletin du 
Muséum d`Histoires Naturelles de Paris 41: 19-23. 

BLOWER, J. G. (1970b): The millipedes of a Cheshire wood. Journal of Zoology 16
455-496. 

BLOWER, J. G. (1985): Millipedes. In: KERMACH, D. M. & BARNES, R. S. K.
(eds): Synopsis of the British Fauna. E. J. Brill, London: 14. 

BLOWER, J. G. & MILLER, P. F. (1974): The life-cycle and ecology of Ophyiulus 
pilosus (Newport) in Britain. Symposia of the Zoological Society of London 32: 503-
525. 

 217



References 

BLOWER, J. G. & MILLER, P. F. (1977): The life-history of the julid millipede 
Cylindroiulus nitidus in a Derbyshire wood. Journal of Zoology 183: 339-351. 

T, J. (eds): Soil organisms. Elsevier, Amsterdam: 85-91. 

A. (2003): Gradual evolution of male genitalia in a 
sibling species complex of millipedes (Diplopoda: Spirobolida: Rhinocricidae: 

E. & SIERWALD, P. (2002): Cryptic speciation in the Anadenobolus excisus 
millipede species complex on the islands of Jamaica. Evolution 56: 1123-1135. 

BOYCE, M. S. & DALEY, D. J. (1980): Population tracking of fluctuating 
environments and natural selection for tracking ability. The American Naturalist 115: 
480-491. 

BROWN, A. M. (2005): A new software for carrying out one-way ANOVA post hoc 
tests. Computer Methods and Programs in Biomedicine 79: 89-95. 

BROWN, J. H. (1984): On the relationship between abundance and distribution of a 
species. American Naturalist 124: 255-279. 

ecies dynamics on the diversification of the American 

e biology of post-invasion events. Biological 
Conservation 78: 207-214. 

tween heterosis and heterozygosity at marker loci. Theoretical and 

BOCOCK, K. L. (1983): The digestion of food by Glomeris. In: DOEKSEN, J. & VAN 
DER DRIF

BOHONAK, A. J. (1999): Dispersal, Gene Flow, and Population Structure. The 
Quarterly Review of Biology 74: 21-45. 

BOND, J. E. & BEAMER, D. 

Anadenobolus). Invertebrate Systematics 17: 711-717. 

BOND, J. 

BROWN, J. H. & GIBSON, A. C. (1983): Biogeography. C. V. Mosby, Saint Louis. 

BROWN, J. H. & MAURER, B. A. (1987): Evolution of species assemblages: effects of 
energetic constraints and sp
avifauna. American Naturalist 130: 1-17. 

CAROLL, S. P. & DINGLE, H. (1996): Th

CHAPLEAU, F., JOHANSEN, P. H. & WILLIAMSON, M. (1988): The distinction 
between pattern and process in evolutionary biology: the use and abuse of the term 
'strategy'. Oikos 53: 136-138. 

CHARCOSSET, A. & ESSIOUX, L. (1994): The effect of population structure on the 
relationship be
Applied Genetics 89: 336-343. 

CHARLESWORTH, B. (2003): The population genetics of life-history evolution. In: 
SINGH, R. S. & UYENOYAMA, M. K. (eds): The evolution of population biology. 
Cambridge. 

CHARLESWORTH, B., MORGAN, M. T. & CHARLESWORTH, D. (1993): The 
effect of deleterious mutations on neutral molecular variation. Genetics 134: 1289-1303. 

 218



References 

CHEN, B., HARBACH, E. & BUTLIN, R. K. (2004): Genetic variation and population 
structure of the mosquito Anopheles jeyporiensis in southern China. Molecular Ecology 
13: 3051-3056. 

CHEVILLON, C., RIVET, Y., RAYMOND, M., ROUSSET, F., SMOUSE, P. E. & 

 Culex pipiens. Molecular Ecology 7: 197-208. 

CLOUDSLEY-THOMPSON, J. L. (1949): The significance of migration in myriapods. 

CLOUDSLEY-THOMPSON, J. L. (1951): On the responses to environmental stimuli, 

COLEMAN, R. A., BROWNE, M. & THEOBALDS, T. (2004): Aggregation as a 

CRAWFORD, C. S., GOLDENBERG, S. & WARBURG, M. R. (1986): Seasonal water 

CROMACK, K., SOLLINS, P., TODD, R. L., CROSSLEY, D. A., FENDER, W. M., 

ems. Springer, Berlin: 78-84. 

in patterns of body extracts and 
species identification in some pseudoscorpions (Neobisiidae: Pseudoscorpiones: 

t comparisons within the seasonal tropics. Pedobiologia 36: 

PASTEUR, N. (1998): Migration/selection balance and ecotypic differentiation in the 
mosquito

CHRISTENSEN, O. (1980): Aspects of distribution patterns of Liebstadia humerata 
(Acari, Cryptostigmata) in a Danish oak forest. Pedobiologia 20: 24-30. 

Annual Magazine of Natural History 12: 947-62. 

and the sensory physiology of millipedes (Diplopoda). Proceedings of the Zoological 
Society of London 121: 253-277. 

COCKERHAM, C. C. & WEIR, B. S. (1993): Estimation of gene flow from F-
Statistics. Evolution 47: 855-863. 

defence: limpet tenacity changes in response to simulated predator attack. Ecology 85: 
1153-1159. 

COOK, O. F. & COOK, A. C. (1894): A monograph on Scytonotus. Annuals of the 
New Yorker Academie of Science 8: 233-248. 

balance in Archispirostreptus syriacus (Diplopoda: Spirostreptidae) from mesic and 
xeric Mediterranean environments. Journal of Arid Environments 10: 127-136. 

FOGEL, R. & TODD, A. W. (1977): Soil-microorganism-arthropod interactions: Fungi 
as major calcium and sodium sources. In: MATTSON, W. J. (ed): The role of 
arthropods in forest ecosyst

CURCIC, B. P. M., RIBARAC-STEPIC, N. B., MIJATOVIC, N. D. & 
DIMITRIJEVIC, R. N. (1994): Electrophoretic prote

Arachnida. Archives Internationales de Physiologie, de Biochimie et de Biophysique 
102: 293-296. 

DANGERFIELD, J. M. (1993): Aggregation in the tropical millipede Alloporus 
unicatus (Diplopoda: Spirostreptidae). Journal of Zoology 230: 503-512. 

DANGERFIELD, J. M. & TELFORD, S. R. (1992): Species diversity of Julid 
millipedes: Between habita
321-329. 

DARWIN, C. R. (1839): The voyage of the Beagle. London. 

 219



References 

DARWIN, C. R. (1859): On the origin of species by natural selection. John Murray, 
London. 

DAVID, J. F. & CELERIER, M. L. (1997): Effects of yeast on the growth and 

J. F., GEOFFROY, J.-J. & CELERIER, M. L. (2003a): First evidence for 
photoperiodic regulation of the life cycle in a millipede species, Polydesmus angustus 

DAVID, J. F., GEOFFROY, J.-J. & VANNIER, G. (2003b): Opposite changes in the 

ournal of Entomology 
100: 25-30. 

DAVID, J. F. & VANNIER, G. (2001): Changes in desiccation resistance during 
development in the millipede Polydesmus angustus. Physiological Entomology 26: 135-

 phenotypic plasticity: patterns of plasticity and the 
emergence of ecotypes. New Phytologist 166: 101-118. 

DIECKMANN, U. & DOEBELI, M. (1999): On the origin of species by sympatric 

ration and life histories. In: Migration: mechanisms and 
adaptive significance. Contribution in Marine Sciences 27: 27-42. 

g environmental gradients. 
Nature 421: 259-264. 

R, H. (1999): The 
significance of passive dispersal for distribution and persistence in terrestrial snails 

DUBININA, H. V., ALEKSEEV, A. N. & SVETASHOVA, E. S. (2004): New Ixodes 

 de populations bisexuèes et parthénogénétique de Polyxenus lagarus (Linné) 
(Diplopodes, Pencillates). Bulletin de la Sociâetâe Zoologique de France 123: 159-172. 

reproduction of the sacrophagous millipede Polydesmus angustus (Diplopoda, 
Polydesmidae). Biology & Fertility of Soils 24: 66-69. 

DAVID, 

(Diplopoda: Polydesmidae). Journal of Zoology 260: 111-116. 

resistance to cold and desiccation, which occur during the development of the millipede 
Polydesmus angustus (Diplopoda: Polydesmidae). European J

141. 

DE JONG, G. (2004): Evolution of

DENLINGER, D. L. (1986): Dormancy in tropical insects. Annual Review of 
Entomology 31: 239-264. 

DEWITT, T. J. & SCHEINER, S. M. (2004): Phenotypic Plasticity. Oxford University 
Press Inc., New York. 

speciation. Nature 400: 354-357. 

DINGLE, H. (1985): Mig

DINGLE, H. (1991): Evolutionary genetics of animal migration. American Zoologist 
31: 253-264. 

DOEBELI, M. & DIECKMANN, U. (2003): Speciation alon

DÖRGE, N., WALTHER, C., BEINLICH, B. & PLACHTE

(Gastropoda, Pulmonata). Zeitschrift für Ökologie und Naturschutz 8: 1-10. 

tick populations appearing as a result of, and tolerant to, cadmium contamination. 
Acarina 12: 141-149. 

DUY-JACQUEMIN, M. N. & D'HONDT, J.-L. (1998): Le problème de l'identité 
spécifique

 220



References 

DYTHAM, C. (2003): Choosing and using statistics. A biologist's guide. Blackwell 
Science, Oxford. 

d morphological variation 
among biotypes of Tephritis bardanae. Biochemical Systematics and Ecology 19: 549-

EDNEY, E. B. (1977): The water balance in land arthropods. Springer, Heidelberg. 

. J. (1996): High level of genetic differentiation for 
allelic richness among populations of the argan tree [Argania spinosa (L.) Skeels] 

ELLSTRAND, N. C. & ELAM, D. R. (1993): Population genetics of small population 

ELTON, C. S. (1958): The ecology of invasions by animals and plants. Methuen, 

ENDLER, J. A. (1977): Geographic variation, speciation, and clines. Princeton 

ENGHOFF, H. (1978): Parthenogenesis and spanandry in millipedes. Fischer, Stuttgart. 

millipede genus Cylindroiulus on 
Madeira: habitat, body size and morphology (Diplopoda, Julida, Julidae). Revue 

ENGHOFF, H. (1994): Geographical parthenogenesis in millipedes (Diplopoda). 

LOWER, J. G. (1993): Anarmophosis in millipedes 
(Diplopoda) - the present state of knowledge with some developmental and 

3): Dynamic gene 
conservation for uncertain futures. Forest Ecology and Management 62: 15-37. 

nd taxon pulses. In: PRANCE, G. T. 
(ed): Biological diversification in the tropics. Columbia University Press, New York. 

FAIRHURST, C. P. (1974): The adaptive significance of variations in the life cycles of 
Schizophylline millipedes. Symposia of the Zoological Society of London 32: 575-587. 

FANCIULLI, P. P., MELEGARI, D., CARAPELLI, A., FRATI, F. & DALLAI, R. 
(2000): Population structure, gene flow and evolutionary relationships in four species of 
the genera Tomocerus and Pongonognathellus (Collembola, Tomoceridae). Biological 
Journal of the Linnean Society 70: 221-238. 

EBER, S., STURM, P. & BRANDL, R. (1991): Genetic an

558. 

EL MOUSADIK, A. & PETIT, R

endemic to Marocco. Theoretical Applied Genetics 92: 832-839. 

size: implications for plant conservation. Annual Review of Ecology and Systematics 
24: 217-242. 

London. 

University Press, Princeton, New Jersey. 

ENGHOFF, H. (1983): Adaptive radiation in the 

d'Ecologie et de Biologie du Sol 20: 403-415. 

Biogeographia 70: 25-31. 

ENGHOFF, H., DOHLE, W. & B

phylogenetic considerations. Zoological Journal of the Linnean Society 109: 103-234. 

ERIKSSON, G., NAMKOONG, G. & ROBERDS, J. H. (199

ERWIN, T. L. & ADIS, J. (1982): Amazonian inundation forests - their role as short-
term refuges and generators of species richness a

 221



References 

FELSENSTEIN, J. (1982): How can we infer geography and history from gene 
frequencies? Journal of Theoretical Biology 96: 9-20. 

enna: subsídios para o plano de manejo da Floresta Nacional de Caxiuanã. 
Pesquisas Botânica 56: 103-116. 

 and developmental stability in a clonal plant. Ecology Letters 3: 
530-539. 

 des Amazonas-Gebietes auf 
geochemischer Grundlage. Münsterische Forschungen zur Geologie und Palaeontologie 

FRATI, F., FANCIULLI, P. P. & POSTHUMA, L. (1992): Allozyme variation in 

FRETWELL, S. D. (1972): Populations in seasonal environment. Princeton University 

FUJIYAMA, S. (1996): Annual thermoperiod regulating an eight-year life cycle of a 

FURCH, K. (1997): Chemistry of várzea and igapó soils and nutrient inventory of their 

r Biogeochemie eines charakteristischen 
Überschwemmungsgebietes Zentralamazoniens, der Varzea auf der Ilha de 

1-176. 

GASCON, C., MALCOLM, J. R., PATTON, J. L., DA SILVA, M. N. F., BOGART, J. 

-13677. 

FERGUSON, A. (1980): Biochemical Systematics and Evolution. Blackie & Son, 
Glasgow. 

FERREIRA, L. V., ALMEIDA, S. S., AMARAL, D. D. & PAROLIN, P. (2005): 
Riqueza e composição de espécies da floresta de igapó e várzea da estação científica 
Ferreira P

FISCHER, M., VAN KLEUNEN, M. & SCHMID, B. (2000): Genetic Allee effects on 
performance, plasticity

FITTKAU, E.-J. (1971): Ökologische Gliederung

20/21: 35-50. 

reference and metal-exposed natural populations of Orchesella cincta (Insecta, 
Collembola). Biochemical Systematics and Ecology 20: 297-310. 

Press, Princeton. 

periodical diplopod, Parafontaria laminata armigera Verhoeff (Diplopoda). 
Pedobiologia 40: 541-547. 

floodplain forest. In: JUNK, W. E. (ed): The Central Amazonian floodplain. Ecology of 
a pulsing system. Springer, Berlin: 47-67. 

FURCH, K. (1999): Zu

Marchantaria nahe Manaus, Brasilien.  Universität Hamburg. Thesis. 

GALVANI, A. P. & SLATKIN, M. (2004): Intense selection in an age-structured 
population. Proceedings of the Royal Society of London - Series B: Biological Sciences 
271: 17

GANDON, S., MICHALAKIS, Y. & EBERT, D. (1996): Temporal variability and local 
adaptation. Trends in Ecology and Evolution 11: 431. 

P., LOUGHEED, S. C., PERES, C. A., NECKEL, S. & BOAG, P. T. (2000): Riverine 
barriers and the geographic distribution of Amazonian species. Proceedings of the 
National Acadamy of Science of the United States of America 97: 13672

GASTON, K. J. (1994): Rarity. Chapman & Hall, London. 

 222



References 

GASTON, K. J. (1996): The multiple forms of the interspecific abundance-distribution 
relationship. Oikos 76: 211-220. 

GASTON, K. J. (2000): Global patterns in biodiversity. Nature 400: 220-227. 

GENTRY, A. H. (1990): Four Neotropical rainforests. Yale University Press, New 
Haven. 

s (Leach) et Cylindroiulus nitidus (Verhoeff) dans un écosystème 
forestier du Bassin Parisien. Acta Oecologia Oecologia Generalis 2: 357-372. 

ent interactions and the 

GILPIN, M. & SOULE, M. E. (1986): Minimum viable populations: The process of 

or a quantitative character maintained 

view of the Neotropical fauna of the millipede family 
Fuhrmannodesmidae, with the description of four new species from near Manaus, 

little-known species of the millipede 

ome further Neotropical Pyrgosdemidae, partly from 
azonia, Brazil (Diplopoda, Polydesmida). 

versity in Eurasia 

outhparts and ecology. Amazoniana 15: 57-66. 

lopoda). Studies on the Neotropical Fauna and 

Haplodesmidae). Fragmenta Faunistica 44: 179-202. 

GEOFFROY, J.-J. (1981): Modalités de la coexistence de deux Diplopodes, 
Cylindroiulus punctatu

GILLESPIE, J. H. (1978): A general model to account for enzyme variation in natural 
populations. V. The SAS-CFF model. Theoretical Population Biology 14: 1-45. 

GILLESPIE, J. H. & TURELLI, M. (1989): Genotype-environm
maintenance of polygenic variation. Genetics 121: 129-138. 

species extinction. In: SOULE, M. E. (ed): Conservation biology. Sinauer Associates, 
Sunderland. 

GIMELFARB, A. (1989): Genotypic variation f
under stabilizing selection without mutations: epistasis. Genetics 123: 217-228. 

GOLOVATCH, S. I. (1992): Re

Central Amazonia, Brazil (Diplopoda, Polydesmida). Amazoniana 12: 207-226. 

GOLOVATCH, S. I. (1996): Two new and one 
family Pyrgodesmidae from near Manaus, Central Amazonia, Brazil (Diplopoda: 
Polydesmida). Amazoniana 14: 109-120. 

GOLOVATCH, S. I. (1997a): On s
the environs of Manaus, Central Am
Amazoniana 14: 323-334. 

GOLOVATCH, S. I. (1997b): On the main traits of millipede di
(Diplopoda). Senckenbergiana biologica 76: 101-106. 

GOLOVATCH, S. I. & ADIS, J. (1998): Description of Taulidesmella tabatinga n. sp. 
(Diplopoda, Polydesmida, Pyrgodesmidae) from Amazon River floodplains, with notes 
on its modified m

GOLOVATCH, S. I., HOFFMAN, R. L., ADIS, J. & MORAIS, J. W. (1995): 
Identification plate for the millipede orders populating the Neotropical region south of 
Central Mexico (Myriapoda, Dip
Environment 30: 159-164. 

GOLOVATCH, S. I., HOFFMAN, R. L., KNAPINSKI, S. & ADIS, J. (2001): Review 
of the millipede genus Cylindrodesmus POCOCK, 1889 (Diplopoda: Polydesmida: 

 223



References 

GOLOVATCH, S. I. & SIERWALD, P. (2001): Review of the millipede genus Poratia 
Cook & Cook, 1894 (Diplopoda: Polydesmida: Pyrgodesmidae). Arthropoda Selecta 9: 
181-192. 

GOLOVATCH, S. I., VOHLAND, K., HOFFMAN, R. L., ADIS, J., MARMOL, A., 
BACHMANN, L. & TOMIUK, J. (1998): Review of the Neotropical millipede genus 
Pycnotropis Carl, 1914 (Diplopoda, Polydesmida, Aphelidesmidae). Amazoniana 15: 
67-102. 

 FSTAT (Version 1.2) - a computer program to calculate              
F-statistics. Journal of Heredity 86: 485-486. 

entiation in diploid populations. Genetics 144: 1933-1940. 

ustralia. Australian Journal of Zoology 43: 129-140. 

GULDBRANDTSEN, B., TOMIUK, J. & LOESCHCKE, V. (2000): POPDIST, 
Version 1.1.1: A program to calculate population genetic distance and identity 
measures. Heredity 91: 178-179. 

5-48. 

HALKKA, R. (1958): Life history of Schizophyllum sabulosum (L.) (Diplopoda, 

AZAKI, T. (1996): Effects of patch shape on the number of organisms. Landscape 
Ecology 11: 299-306. 

NN, J. (2002): An evolutionary perspective of biological 
invasions. Trends in Ecology and Evolution 17: 545-546. 

HANSKI, I. (1983): Coexistence of competitors in patchy environments. Ecology 64: 
493-500. 

GOUDET, J. (1995):

GOUDET, J., RAYMOND, M., DE MEEÜS, T. & ROUSSET, F. (1996): Testing 
differ

GRIFFIN, T. T. & BULL, M. (1995): Interactions between introduced and native 
millipede species in South A

GROETERS, F. R. & DINGLE, H. (1987): Genetic and maternal influences on life 
history plasticity in response to photoperiod by milkweed bugs (Oncopeltus fascinatus). 
American Naturalist 129: 332-346. 

GROETERS, F. R. & DINGLE, H. (1988): Genetic and maternal influences on life 
history plasticity in milkweed bugs (Oncopeltus): response to temperature. Journal of 
Evolutionary Biology 1: 317-333. 

GUTOW, L. (2003): Local population persistence as a pre-condition for large scale 
dispersal of Idotea metallica (Crustacea, Isopoda) on drifting habitat patches. 
Hydrobiologia 503: 4

HAACKER, U. (1974): Patterns of communication in courtship and mating behaviour 
of millipedes (Diplopoda). In: BLOWER, J. G. (ed): Myriapoda. 32. Academic Press, 
London: 317-328. 

HÄCKEL, H. (1993): Meteorologie. UTB-Ulmer, Stuttgart. 

Iuidae). Annuals of the Zoological Society of ‘Vanamo’ 19: 1-72. 

HAM

HÄNFLING, B. & KOLLMA

 224



References 

HANSKI, I. (1998): Metapopulation dynamics. Nature 396: 41-49. 

HARRIS, H. & HOPKINSON, D. A. (1976): Handbook of enzyme electrophoresis in 
human genetics. North Holland Publishing Co., Amsterdam. 

chusetts. 

ciples of population genetics. Sinauer 

fall an microbiobal activity. 
Pedobiologia 29: 175-182. 

HAYS, J. D., IMBRIE, J. & SHACKLETON, N. J. (1976): Variations in the earth's 
orbit: pacemaker of the ice ages. Science 194: 1121-1131. 

HEDRICK, F. W., GINEVAN, M. E. & EWING, E. P. (1976): Genetic polymorphism 

ICK, P. W. (1999): Perspective: highly variable loci and their interpretation in 
evolution and conservation. Evolution 53: 313-318. 

 ice ages. Nature 405: 902-
913. 

ies: the interaction of natural 
selection and historically differentiated populations. Journal of Experimental Marine 

(Diplopoda: Glomeridae). Revue Suisse de Zoologie 106: 643-661. 

tural ecosystems. European Journal of Soil Biology 
36: 229-235. 

HARTL, D. L. (1988): A primer of population genetics. Sinauer Associates, Inc., 
Massa

HARTL, D. L. & CLARK, A. G. (1989): Principles of population genetics. Sinauer 
Associations, Inc., Massachusetts. 

HARTL, D. L. & CLARK, A. G. (1997): Prin
Associations, Inc., Massachusetts. 

HASSAL, M., VISSER, S. & PARKINSON, D. (1986): Vertical migration of 
Onychiurus subtenuis (Collembola) in relation to rain

in heterogeneous environments. Annual Review of Ecology and Systematics 7: 1-32. 

HEDR

HEWITT, G. (2000): The genetic legacy of the Quaternary

HILBISH, T. J. (1996): Population genetics of marine spec

Biology and Ecology 200: 67-83. 

HOESS, R. & SCHOLL, A. (1999): Glomeris undulata Koch and G. conspersa Koch 
are conspecific. - Enzyme electrophoretic evidence and taxonomical consequences 

HOESS, R. & SCHOLL, A. (2001): Allozyme and literature study of Glomeris guttata 
Risso, 1826, and G. connexa Koch, 1947, a case of taxonomic confusion (Diplopoda: 
Glomeridae). Zoologischer Anzeiger 240: 15-33. 

HOESS, R., SCHOLL, A. & LÖRTSCHER, M. (1997): The Glomeris-taxa hexasticha 
and intermedia: species or subspecies? - allozyme data (Diplopoda: Glomeridae). 
Entomologica Scandinavica 51: 133-138. 

HÖFER, H., HANNAGARTH, W., GARCIA, M., MARTIUS, C., FRANKLIN, E., 
RÖMBKE, J. & BECK, L. (2001): Structure and function of soil fauna communities in 
Amazonian anthropogenic and na

 225



References 

HOFFMAN, R. L. (1979): Classification of the Diplopoda. Muséum D`Histoire 
Naturelle, Geneve. 

HOFFMAN, R. L. (1982): Diplopoda. In: PARKER, S. P. (ed): Synopsis and 

IS, J. & MORAIS, J. W. (2002): 
Diplopoda. In: ADIS, J. (ed): Amazonian Arachnida and Myriapoda. Pensoft, Bulgaria: 

ion 
Biology 28: 181-208. 

ty. 5. Academic Press, San Diego: 413-426. 

ord. 

deva hanleyi, Angas): variability within and 
among local populations. Biological Journal of the Linnean Society 69: 245-262. 

 (2001): The unified neutral theory of biodiversity and biogeography. 
Princeton University Press, Princeton. 

he number of alleles at different loci in 
Drosophila pseudoobscura. Genetics 54: 577-594. 

NCHAUSTI, P. 
(eds): Biodiversity and ecosystem functioning: Synthesis and perspectives. Oxford 

HUMPHREYS, W. F. & ADAMS, M. (2001): Allozyme variation in the troglobitic 
millipede Stygiochiropus communis (Diplopoda: Paradoxosomatidae) from arid tropical 
Cape Range, northwestern Australia: Population structure and implications for the 
management of the region. Records of the Western Australian Museum Supplement 64: 
15-36. 

mi-arid Cape Range, Western Australia: Systematics and 
biology. Invertebrate Taxonomy 7: 173-195. 

. W. & TEMPLETON, A. R. (1999): Correlation of pairwise genetic 
and geographic distance measures: interfering the relative influences of gene flow and 

Journal of Computational and Graphical Statistics 5: 299-314. 

classification of living organisms. McGraw-Hill, New York: 689-724. 

HOFFMAN, R. L., GOLOVATCH, S. I., AD

505-533. 

HOLT, R. D. (1985): Population dynamics in two-patch environments: Some 
anomalous consequences of an optimal habitat distribution. Theoretical Populat

HOLT, R. D. (2001): Species coexistence. In: LEVIN, S. A. (ed): Encyclopedia of 
Biodiversi

HOPKIN, S. P. & READ, H. J. (1992): The Biology of Millipedes. Oxford University 
Press, Oxf

HOSKIN, M. G. (1999): Effects of the East Australian current on the genetic structure 
of a direct developing muricid snail (Be

HUBBELL, S. P.

HUBBY, J. L. & LEWONTIN, R. C. (1966): A molecular approach to the study of 
genic heterozygosity in natural populations. I. T

HUGHES, J. B., IVES, A. R. & NORBERG, J. (2002): Do species interactions buffer 
environmental variation (in theory)? In: LOREAU, M., NAEEM, S. & I

University Press, Oxford: 92-101. 

HUMPHREYS, W. F. & SHEAR, W. A. (1993): Troglobitic millipedes (Diplopoda: 
Paradoxosomatidae) from se

HUTCHISON, D

drift on the distribution of genetic variability. Evolution 53: 1898-1914. 

IHAKA, R. & GENTLEMAN (1996): R: a language for data analysis and graphics. 

 226



References 

INGVARSSON, P. K. (2001): Restoration of genetic variation lost - the genetic rescue 
hypothesis. Trends in Ecology and Evolution 16: 62-63. 

INGVARSSON, P. K. & WHITLOCK, M. C. (2000): Heterosis increases the effective 

 near Manaus. 
Amazoniana 8: 1-18. 

ear Manaus: Geological, climatological, hydrological and 
geomorphological aspects. In: JUNK, W. E. (ed): The Central Amazon floodplain. 

IRMLER, U. (1975): Ecological studies of the aquatic soil invertebrates in the three 

ges of soil beetles in 
Central Amazonian inundation forests (Col.. Carabidae, Staphylinidae). Studies on the 

h Epilampra irmleri Rocha e Silva Aguiar in a Central Amazonian inundation 
forest. Amazoniana 6: 497-520. 

e advantage of phenotypic memory in changing 
environments. Philosophical Transactions of the Royal Society of London, Series B: 

JACCARD, J. & WAN, C. K. (1996): LISREL approaches to interaction effects in 

m et familiarum Diplopodorum: A list 
of the genus and family-group names in the Class Diplopoda from the 10th edition of 

Nemasoma varicorne (Diplopoda: Nemasomatidae) in 
Denmark. Hereditas 136: 184-194. 

ve efficiencies of the maximum-parsimony and 

migration rate. Proceedings of the Royal Society of London - Series B: Biological 
Sciences 267: 1321-1326. 

IRION, G., ADIS, J., JUNK, W. E. & WUNDERLICH, F. (1983): Sedimentological 
studies of the "Ilha Marchantaria" in the Solimões/Amazon River

IRION, G., JUNK, W. E. & DE MELLO, A. S. N. (1997): The large Central 
Amazonian river floodplains n

Ecology of a pulsing system. Springer, Berlin: 23-46. 

inundation forests of Central Amazonia. Amazoniana 5: 337-409. 

IRMLER, U. (1979): Abundance fluctuations on habitat chan

Neotropical Fauna and Environment 14: 1-6. 

IRMLER, U. & FURCH, K. (1979): Production, energy and nutrient turnover of the 
cockroac

IRWIN, D. E., BENSCH, S. & PRICE, T. D. (2001): Speciation in a ring. Nature 409: 
333-337. 

JABLONKA, E., OBORNY, B., MOLNAR, I., KISDI, E., HOFBAUER, J. & 
CZARAN, T. (1995): The adaptiv

Biological Sciences 350: 133-141. 

multiple regressions. Sage Publications, Thousands Oaks, CA. 

JEEKEL, C. A. W. (1970): Nomenclatur generu

Linnaeus, 1758, to the end of 1957. Nederlandse Entomologische Vereniging, 
Amsterdam. 

JENSEN, L. H., ENGHOFF, H., FRYDENBERG, J. & PARKER, E. D. (2002): 
Genetic diversity and the phylogeography of parthenogenesis: comparing bisexual and 
thelytokous populations of 

JIN, L. & NEI, M. (1991): Relati
distance-matrix methods of phylogeny construction for restriction data. Molecular 
Biology and Evolution 8: 356-365. 

 227



References 

JOHANNESSON, K. & TARARENKOV, A. (1997): Allozyme variation in a snail 
(Littorina saxatilis) - Deconfounding the effects of microhabitat and gene flow. 
Evolution 51: 402-409. 

an populations of the weedy plant Arabidopsis thaliana is not 
geographically structured. Molecular Ecology 13: 3403-3413. 

9): The flood pulse concept in 
river-floodplain systems. Canadian Journal of Fisheries and Aquatic Sciences 106: 110-

ch der Speziellen 
Zoologie Jena: 1112-1214. 

 & DANJOY, D. (1993): Amazonía peruana - 
Vegetación húmeda tropical en el Llano subandino. Universidade de Turku y Oficina 

riation in genetic structure of a colonising species: Aedes albopictus in the 
United States. Heredity 64: 281-287. 

enous and introduced 
populations of Melaleuca quinquenervia (Cav.) Blake: response of seedlings to water 

KETMAIER, V. (2002): Isolation by distance, gene flow and phylogeography in the 

KHEIRALLAH, A. M. (1979): Behavioural preference of Julus scandinavius 

KIME, R. D. & GOLOVATCH, S. I. (2000): Trends in the ecological strategies and 

JORGENSEN, S. & MAURICIO, R. (2004): Neutral genetic variation among wild 
North Americ

JUNK, W. E. (1997): The Central Amazonian floodplain. Ecology of a pulsing system. 
Springer, Heidelberg. 

JUNK, W. E., BAYLEY, P. B. & SPARKS, R. E. (198

127. 

KAESTNER, A. (1993): Wirbellose. In: KAESTNER, A. (ed): Lehrbu

KALLIOLA, R., PUHAKKA, M.

Nacional de Evaluación de Recursos Naturales, Lima. 

KAMBHAMPATI, S., BLACK IV, W. C., RAI, K. S. & SPRENGER, D. (1990): 
Temporal va

KAUFMAN, S. R. & SMOUSE, P. E. (2001): Comparing indig

and pH levels. Oecologia 127: 487-494. 

Proasellus coxalis-group (Crustacea, Isopoda) in Central Italy: allozyme data. Aquatic 
Sciences 64: 66-75. 

KHEIRALLAH, A. M. (1978): The consumption and utilization of two different species 
of leaf litter by a laboratory population of Orthomorpha gracilis (Diplopoda, 
Polydesmoidea). Entomologia Experimentalis et Applicata 23: 14-19. 

(Myriapoda) to different species of litter. Oikos 33: 466-471. 

evolution of millipedes (Diplopoda). Biological Journal of the Linnean Society 69: 333-
349. 

KIMURA, M. (1983): The Neutral Theory of Molecular Evolution. Cambridge 
University Press, Cambridge. 

KINKEL, H. (1955): Zur Biologie und Ökologie des getüpfelten Tausendfusses, 
Blaniulus guttulatus Gerv. Zeitschrift für Angewandte Entomologie 37: 401-436. 

 228



References 

KINNISON, M., BENTZEN, P., UNWIN, M. & QUINN, T. (2002): Reconstructing 
recent divergence: evaluating nonequilibrium population structure in New Zealand 
Chinook salmon. Molecular Ecology 11: 739-754. 

razil. Acta Amazonica 25: 201-
220. 

l 
biology and water relations of anomalous Emperor Moth caterpillars. Functional 

ong 
quantitative traits in the course of sympatric speciation. Nature 400: 351-354. 

 (1999): Allozyme gene diversities in some leaf beetles (Coleoptera: 
Chrysomelidae). Biochemical Genetics 37: 215-226. 

241-264. 

mporary invasion dynamics. Ecology 85: 2061-2070. 

RITZ, C. (eds): 
Tropical rainforests: past, present and future. The University of Chicago Press, Chicago. 

LAURANCE, W. F., LOVEJOY, T. E., VASCONCELOS, H. L., BRUNA, E. M., 
DIDHAM, R. K., STOUFFER, P. C., GASCON, C., BIERREGAARD, R. O., 
LAURANCE, S. G. & SAMPAIO, E. (2001): Ecosystem decay of Amazonian forest 
fragments: a 22-year investigation. Conservation Biology 16: 605-618. 

): 
Environmental and population dependency of genetic variability-fitness correlations in 

nce of species and competition 
between rare species. Proceedings of the National Acadamy of Science of the United 

LEWIS, J. G. E. (1974): The ecology of centipedes and millipedes in northern Nigeria. 
Symposia of the Zoological Society of London 32: 423-431. 

KLINGE, H., ADIS, J. & WORBES, M. (1995): The vegetation of a seasonal várzea 
forest in the lower Solimões River, Amazon region of B

KLOK, C. J. & CHOWN, S. L. (1999): Assessing the benefits of aggregation: therma

Ecology 13: 417-427. 

KONDRASHOV, A. S. & KONDRASHOV, F. A. (1999): Interactions am

KÖPPEN, W. (1931): Grundriß der Klimakunde. Berlin. 

KRAFSUR, E. S.

KRAUS, O. (1960): Myriapoden aus Peru, IX. Senckenbergiana biologica 41: 

KUMAR, S., TAMURA, K., JAKOBSEN, I. B. & NEI, M. (2001): MEGA2: molecular 
evolutionary genetics analysis software. Bioinformatics Applications Note 17: 1244-
1245. 

LAMBRINOS, J. G. (2004): How interactions between ecology and evolution influence 
conte

LATTA, R. G. (2004): Relating processes to patterns of genetic variation across 
landscapes. Forest Ecology and Management 197: 91-102. 

LAURANCE, W. F., BERGEN, S., COCHRANE, M. A., FEARNSIDE, P. M., 
DELAMÔNICA, P., D'ANGELO, S. A., BARBER, C. & FERNANDES, T. (2005): 
The future of the Amazon. In: BERMINGHAM, E., DICK, C. W. & MO

LESBARRERES, D., PRIMMER, C. R., LAURILA, A. & MERILA, J. (2005

Rana temporaria. Molecular Ecology 14: 323. 

LEVINS, R. & CULVER, D. (1971): Regional coexiste

States of America 68: 1246-1248. 

 229



References 

LOOMIS, H. F. & SCHMITT, R. (1971): The ecology, distribution and taxonomy of 
the millipedes of Montana west of the continental divide. Northwest Science 45: 107-
131. 

LOSOS, J. B., JACKMAN, T. R., LARSON, A., DE QUEIROZ, K. & RODRIGUEZ-
SCHETTINO, L. (1997): Adaptive differentiation following experimental island 
colonization in Anolis lizards. Nature 387: 70-73. 

 (Attems, 
1898), an aggregating Paradoxosomatid from Tropical West Africa. In: GEOFFROY, 

MAHSBERG, D. (1997): Pelmatojulus tigrinus, a key detrivore of a tropical gallery 

MARCUZZI, G. & TURCHETTO-LAFISCA, M. L. (1977): On lipases in litter feeding 

 Stemmiulida). Amazoniana 8: 375-387. 

MAY, B., BAUER, L. S., VADAS, R. L. & GRANETT, J. (1977): Biochemical genetic 

a 70: 637-640. 

c Interactions and Global Change. Sinauer Associates, Sunderland, MA: 217-233. 

MAHSBERG, D. (1996): Ecology and behaviour of Xanthodesmus physkon

J.-J., MAURIES, J.-P. & NGUYEN DUY-JAQUEMIN, M. (eds): Acta 
Myriapodologia. Mémoires du Muséum National d'Histoire Naturelle 169: 585-586. 

forest (Diplopoda, Spirobolida: Pachybolidae). Entomologica Scandinavica Suppl. 51: 
269-280. 

MALLET, J. (2001): The speciation revolution. Journal of Evolutionary Biology 14: 
887-888. 

invertebrates. Pedobiologia 17: 135-144. 

MAREK, P. E. & BOND, J. E. (2006): Rediscovery of the world’s leggiest animal. 
Nature 441: 707. 

MARTIUS, C., HÖFER, H., GARCIA, M. V. B. & RÖMBKE, J. (2004): Microclimate 
in agroforestry systems in Central Amazonia: does canopy closure matter to soil 
organisms? Agroforestry Systems 60: 291-304. 

MAURIES, J.-P. (1984): Les premiers Stemmiulides signales au Bresil: trois espèces 
nouvelles de la région de Manaus, dont une de la foret inondable (Prostemmiulus adisi 
n. sp.) (Myriopoda: Diplopoda:

MAY, B. (1992): Molecular Genetic Analysis of Populations: A Practical Approach. 
Oxford university Press inc., Oxford. 

variation in the family Simuliidae: electrophoretic identification of the human biter in 
the isomorphic Simulium jenningsi group. Annals of the Entomological Society of 
Americ

MAYR, E. (1963): Animal Species and Evolution. Havard University Press, 
Cambridge, Massachusetts. 

MAYR, E. & ASHLOCK, P. D. (1991): Principles of systematic zoology. Mc Graw 
Hill, New York. 

MCCAULEY, D. E. (1993): Genetic consequences of extinction and recolonization in 
fragmented habitats. In: KAREIVA, P. M., KINGSOLVER, J. G. & HUEY, R. B. (eds): 
Biotio

 230



References 

MCGINLEY, M. A., TEMME, D. H. & GEBER, M. A. (1987): Parental investment in 
offspring in variable environments: theoretical and empirical considerations. American 
Naturalist 130: 370-398. 

MCKAY, J. K. & LATTA, R. G. (2002): Adaptive population divergence: markers, 

OLT, R. D. (1992): The evolution of dispersal in a spatially and 
temporally varying environment. American Naturalist 140: 1010-1027. 

nnual Review of 
Neuroscience 24: 1161-1192. 

erentiation at 
marker loci and quantitative traits. Journal of Evolutionary Biology 14: 892-903. 

 
lebenden Diplopodenart Gonographis adisi Hoffman 1985 (Pyrgodesmidae, 

MINELLI, A. & FODDAI, D. (1997): The species in terrestrial non-insect invertebrates 

f biodiversity. Chapman 
& Hall. 

trategy of the crustacean Daphnia 
magna. Ecology Letters 7: 848-858. 

ematics 25: 45-69. 

1. 

ion in 
Amblyseius barkeri (Hughes) (Acari, Phytoseiidae). Anzeiger für Schädlingskunde, 
Pflanzenschutz und Umweltschutz 67: 130-132. 

MONTEITH, G. B. (1982): Dry season aggregation of insects in Australian monsoon 

al Acadamy of Science of the United States of 

al adaptation - reply. Trends in 
Ecology and Evolution 11: 431-432. 

U, K. & VANZANDT, P. (2000): Adaptive evolution and 
neutral variation in a wild leafminer metapopulation. In: MOUSSEAU, T. A., 

QTL and traits. Trends in Ecology and Evolution 17: 285-291. 

MCPEEK, M. A. & H

MEANEY, M. (2001): Maternal care, gene expression, and the transmission of 
individual differences in stress reactivity across generations. A

MERILÄ, J. & CRNOKRAK, P. (2001): Comparison of genetic diff

MESSNER, B. & ADIS, J. (1988): Die Plastronstrukturen der bisher einzigen submers

Diplopoda). Zoologisches Jahrbuch der Anatomie 117: 277-290. 

(earthworms, arachnids, myriapods, woodlice and snails). In: CLARIDGE, M. F., 
DAWAH, H. A. & WILSON, M. R. (eds): Species: the units o

MITCHELL, S. E., READ, A. F. & LITTLE, T. J. (2004): The effect of a pathogen 
epidemic on the genetic structure and reproductive s

MITTON, J. B. (1994): Molecular approaches to population biology. Annual Review of 
Ecology and Syst

MITTON, J. B. & KOEHN, R. K. (1975): Genetic organization and adaptive response 
of allozymes to ecological variables in Fundulus heteroclitus. Genetics 79: 97-11

MOMEN, F. M. (1994): Fertilization and starvation affecting reproduct

forests. Memoirs of the Queensland Museum 20: 533-543. 

MOONEY, H. A. & CLELAND, E. E. (2001): The evolutionary impact of invasive 
species. Proceedings of the Nation
America 98 [10]: 5446-5451. 

MOPPER, S. (1996): Temporal variability and loc

MOPPER, S., LANDA

 231



References 

SINERVO, B. & ENDLER, J. A. (eds): Adaptive genetic variation in the wild. Oxford 
University Press, New York: 116-138. 

una de 
Arthropoda de uma região de água mista, próximo de Manaus, AM. Universidade São 

AIS, J. W., ADIS, J., BERTI-FILHO, E., PEREIRA, L. A., MINELLI, A. & 
BARBIERI, F. (1997a): On abundance, phenology an natural history of Geomorphila 

ica 51: 115-119. 

y of Pseudoscorpiones (Arachnida) from a mixedwater inundation forest 

MORGAN, K. K., HICKS, J., SPITZE, K., LATTA, L., PFRENDER, M. E., 

MUTEBI, J.-P., ROWTON, E., HERRERO, M. V., PONGE, C., BELLI, A., VALLE, 

dividuals. Genetics 89: 583-590. 

ns. Evolution 29: 1-10. 

MORAIS, J. W. (1995): Abundância, distribuição vertical e fenologia da fa

Paulo. Thesis. 

MOR

(Chilipoda, Myriopoda) from a mixedwater inundation forest in Central Amazonia. In: 
ENGHOFF, H. (ed): Manylegged animals. A collection of papers on Myriopoda and 
Onychophora: Entomologica Scandinav

MORAIS, J. W., ADIS, J., MAHNERT, V. & BERTI-FILHO, E. (1997b): Abundance 
and phenolog
in Central Amazonia, Brazil. Revue Suisse de Zoologie 104: 475-483. 

MORAN, N. A. (1992): The evolutionary maintenance of alternative phenotypes. The 
American Naturalist 139: 971-989. 

WEAVER, C. S., OTTONE, M. & LYNCH, M. (2001): Patterns of genetic architecture 
for life-history traits and molecular markers in a subdivided species. Evolution 55: 
1753-1761. 

MORIN, P. A., LUIKART, G. & WAYNE, R. K. (2004): SNPs in ecology, evolution 
and conservation. Trends in Ecology and Evolution 19: 208-216. 

MORRIS, M. C. (1999): Using woodlice (Isopoda, Oniscoidea) to demonstrate 
orientation behaviour. Journal of Biological Education 33: 215-216. 

MOUSSEAU, T. A. & FOX, C. W. (1998): The adaptive significance of maternal 
effects. Trends in Ecology and Evolution 13: 403-407. 

S. & LANZARO, G. C. (1998): Genetic variability among populations of the sand fly 
Lutzomyia (Lutzomyia) lingipalpis (Diptera: Psychodidae) from Central America. 
Journal of medical entomology 35: 169-174. 

NEI, M. (1978): Estimation of average heterozygosity and genetic distance from a small 
number of in

NEI, M. (1987): Molecular evolutionary genetics. Colombia University Press, New 
York. 

NEI, M., MARUYAMA, T. & CHAKRABORTY, R. (1975): The bottleneck effect and 
genetic variability in populatio

NEVO, E. (1990): Molecular evolutionary genetics of isozymes: pattern, theory and 
appplication. In: Isozymes: structure, function, and use in Biology and Medicine. 
Wiley-Liss, inc., New York: 701-742. 

 232



References 

NEVO, E. (2001): Evolution of genome-phenome diversity under environmental stress. 
Proceedings of the National Acadamy of Science of the United States of America 98: 
6233-6240. 

NEVO, E., BAR-EL, C., BAR, Z. & BEILES, A. (1981): Genetic structure and climatic 
correlates of desert landsnails. Oecologia 48: 199-208. 

ormone production and the 
physiological basis of insect polymorphism. Quaterly Review of Biology 57: 109-133. 

, R., SOLE-CAVA, A. M. & RUSSO, C. A. M. (2004): High genetic 
homogeneity of an intertidal marine invertebrate along 8000 km of the Atlantic coast of 

OHNSTON, D. E. & OCONNOR, B. M. (1993): 
Phylogenetic perspectives on genetic systems and reproductive modes of mites. 

NYMAN, T., YLIOJA, T. & ROININEN, H. (2002): Host-associated allozyme 
variation in tree cambium miners, Phytobia spp. (Diptera: Agromyzidae). Heredity 89: 
394-400. 

OWENS, I. P. F., BENNETT, P. M. & HARVEY, P. H. (1999): Species richness 

PALO, J. U., O'HARA, R. B., LAUGEN, A. T., LAURILA, A., PRIMMERS, C. R. & 
MERILÄ, J. (2003): Latitudinal divergence of common frog (Rana temporaria) life 
history traits by natural selection: evidence from a comparison of molecular and 
quantitative genetic data. Molecular Ecology 12: 1963-1978. 

PAROLIN, P., FERREIRA, L. V. & JUNK, W. E. (1998): Central Amazonian 

PAVLICEK, T. & NEVO, E. (1996): Population-genetic divergence of a diplopod in a 

NIJHOUT, H. F. & WHEELER, D. E. (1982): Juvenile h

NOBREGA

the Americas. Journal of Experimental Marine Biology and Ecology 303: 173-181. 

NORTON, R. A., KETHLEY, J. B., J

Evolution and diversity of sex ration in insects and mites. Chapman & Hall, New York 
& London: 8-99. 

NYMAN, T. (2002): The willow bud galler Euura mucronata Hartig (Hymenoptera: 
Tenthredinidae): one polyphage or many monophages. Heredity 88: 288-295. 

O'NEILL, R. V. (1967): Niche segregation in seven species of Diplopods. Ecology 48: 
983. 

O'NEILL, R. V. (1969): Adaptive responses to desiccation in the millipede Narceus 
americanus (Beauvois). American Midland Naturalist 81: 578-583. 

among birds. Body size, life history, sexual selection or ecology? Proceedings of the 
Royal Society of London - Series B: Biological Sciences 266: 933-939. 

PARKER, E. D., SELANDER, R. K., HUDSON, R. O. & LESTER, L. J. (1977): 
Genetic diversity in colonizing parthenogenetic cockroaches. Evolution 31: 836-842. 

floodplains: effect of two water types on the wood density of trees. Verhandlungen des 
Internationalen Vereins für Limnologie 26: 1106-1112. 

Mediterranean Microsite at Mount Carmel, Israel. Pedobiologia 40: 12-20. 

 233



References 

PAVLICEK, T., ZUROVCOVA, M. & STARY, P. (1997): Geographic population-
genetic divergence of the Norway spruce bark beetle, Ips typographus in the Czech 
Republic. Biologia Bratislava 52: 273-279. 

1989): A model of population growth, 
dispersal and evolution in a changing environment. Ecology 70: 1657-1664. 

4): Vertical orientation and aggregations of Proteroiulus fuscus 
(Am Stein) (Diplopoda, Blaniulidae). 32. Academic Press, London: 471-483. 

PENNY, N. & ARIAS, J. R. (1982): Insects of an Amazon forest. Colombia University 
Press, New York. 

ogy 
and genetics of tree invasions: from recent introductions to Quaternary migrations. 

PFENNINGER, M., BAHL, A. & STREIT, B. (1996): Isolation by distance in a 

iences 
263: 1211-1217. 

PFRENDER, M. E., SPITZE, K., HICKS, J., MORGAN, K., LATTA, L. & LYNCH, 
M. (2000): Lack of congruence between genetic diversity estimates at the molecular and 

to population size. Conservation Genetics 5: 
145-156. 

PONGRATZ, N., GERACE, L. & MICHIELS, N. K. (2002): Genetic differentiation 
 

halföns myriapodologi. 

orests types subject to inundation. Brittonia 31: 26-38. 

PRICE, P. W. (1988): An overview of organismal interactions in ecosystems in 

PEASE, C. M., LANDE, R. & BULL, J. J. (

PEITSALMI, M. (197

PEITSALMI, M. (1981): Population structure and seasonal changes in activity of 
Proteroilius fuscus (Am Stein) (Diplopoda, Blaniulidae). Acta Zoologica Fennica 161: 
1-66. 

PETIT, R. J., BIALOZYT, R., GARNIER-GERE, P. & HAMPE, A. (2004): Ecol

Forest Ecology and Management 197: 117-137. 

population of a small land snail Trochoidea geyeri: evidence from direct and indirect 
methods. Proceedings of the Royal Society of London - Series B: Biological Sc

quantitative-trait levels. Conservation Genetics 1: 263-269. 

PIGLIUCCI, M. & MURREN, C. J. (2003): Perspective: genetic assimilation and a 
possible evolutionary paradox: Can macroevolution sometimes be so fast as to pass us 
by? Evolution 57: 1455-1464. 

PLUESS, A. R. & STÖCKLIN, J. (2004): Genetic diversity and fitness in Scabiosa 
columbaria in the Swiss Jura in relation 

within and between populations of a hermaproditic freshwater planarian. Heredity 89:
64-69. 

PORAT, C. O. (1889): Nya bidrag till skandinaviska 
Entomologisk Tidskrift 10: 32-48, 65-80 & 113-148. 

PRANCE, G. T. (1979): Notes on the vegetation of Amazonia III. The terminology of 
Amazonian f

evolutionary and ecological time. Agriculture, Ecosystems and Environment 24: 369-
377. 

 234



References 

PRINZING, A. & WOAS, S. (2003): Habitat use and stratification of Collembola and 
oribatid mites. In: BASSET, Y., NOVOTNY, V., MILLER, S. E. & KITCHING, R. L. 
(eds): Arthropods of tropical forests: spatio-temporal dynamics and resource use in the 

RANKIN, M. A. & SINGER, M. C. (1984): Insect movement: mechanisms and effects. 

ize in the ring-
legged earwig. Entomologia Experimentalis et Applicata 83: 31-40. 

USSET, F. (1995): GENEPOP (version 1.2): population 

rrelated are molecular and 

of Biology 68: 1-32. 

REZNICK, D. N. & GHALAMBOR, C. K. (2001): The population ecology of 

3-198. 

 reticulata). Science 

 - a potential bias 
for bioecological studies in the Central Amazon. Acta Amazonica 14: 159-174. 

istic solution to the species problem. Biology & 
Philosophy 4: 1-16. 

n Diego: 17-23. 

hidden force in 
insect population dynamics? Oecologia 87: 288-294. 

een two habitats. 
Genetics 151: 397-407. 

canopy. Cambridge University Press, Cambridge: 271-281. 

In: HUFFAKER, C. B. & RABB, R. L. (eds): Ecological entomology. Willeys & Sons, 
New York: 185-215. 

RANKIN, S. M., DOSSAT, H. B. & GARCIA, K. M. (1997): Effects of diet and mating 
status upon corpus allatum activity, oocyte growth, and salvary gland s

RAYMOND, M. & RO
genetics software for exact tests and ecumenicism. Heredity 86: 248-249. 

REED, D. H. & FRANKHAM, R. (2001): How closely co
quantitative measures of genetic variation? A meta-analysis. Evolution 55: 1095-1103. 

REEVE, H. K. & SHERMAN, P. W. (1993): Adaptation and the goals of evolutionary 
research. Quaterly Review 

REZNICK, D. A., BRYGA, H. & ENDLER, J. A. (1990): Experimentally induced life-
history evolution in a natural population. Nature 346: 357-359. 

contemporary adaptations: what empirical studies reveal about the conditions that 
promote adaptive evolution. Genetica 112: 18

REZNICK, D. N., SHAW, F. H., RODD, F. H. & SHAW, R. G. (1997): Evaluation of 
the rate of evolution in natural populations of guppies (Poecilia
275: 1934-1937. 

RIBEIRO, M. D. N. G. & ADIS, J. (1984): Local rainfall variability

RICE, W. S. (1989): Analyzing tables of statistical tests. Evolution 43: 223-225. 

RIDLEY, M. (1989): The clad

RIDLEY, M. (1996): Evolution. Blackwell Science, Cambridge. 

ROSE, M. R. (2001): Adaptation. In: LEVIN, S. A. (ed): Encyclopedia of biodiversity. 
Academic Press, Sa

ROSSITER, M. C. (1991): Environmentally-based maternal effects: a 

ROUSSET, F. (1999): Genetic differentiation within and betw

 235



References 

SACHS, L. (1999): Angewandte Statistik. Springer, Berlin. 

SAITOU, N. & NEI, M. (1987): The neighbor-joining method: a new method for 

iapoda. 32. Academic Press, London: 329-
246. 

 of Amazon 
lowland forests. Nature 322: 254-258. 

pischer Regenwälder: strukturelle und funktionelle, 
vorwiegend qualitative Aspekte - Versuch einer Synopsis. Zoologica 155: 127-167. 

azoniana 8: 299-310. 

cs 17: 667-693. 

fication. In: 

 Ecological causes of adaptive radiation. American Naturalist 
148: 40-64. 

reconstructing phylogenetic trees. Molecular Biology and Evolution 4: 406-425. 

SAKWA, W. N. (1974): A consideration of the chemical basis of food preference in 
millipedes. In: BLOWER, J. G. (ed): Myr

SALO, J., KALLIOLA, R., HÄKINNEN, I., MÄKINEN, Y., NIEMELA, P., 
PUHAKKA, M. & COLEY, P. D. (1986): River dynamics and the diversity

SAS INSTITUTE INC. (2003): SAS/STAT User's Guide, Version 9.1. Cary, NC: SAS 
Institute Inc. 

SCHÄFER, M. (1992): Ökologie. Fischer, Jena. 

SCHALLER, F. (2005): Tiere tro

SCHASCHL, H., KAULFUS, D., HAMMER, S. & SUCHENTRUNK, F. (2003): 
Spatial pattern of mitochondrial and nuclear gene pools in chamois (Rupicapra r. 
rupicapra) from the Eastern Alps. Heredity 91: 125-135. 

SCHEINER, S. M. & LYMAN, R. F. (1991): The genetics of phenotypic plasticity. II. 
Response to selection. Journal of Evolutionary Biology 4: 23-50. 

SCHELLER, U. & ADIS, J. (1984): A new species of Ribautiella (Myriapoda, 
Symphyla, Scolopendrellidae) from an Amazonian blackwater inundation forest and 
notes on its natural history and ecology. Am

SCHLICHTING, C. D. (1986): The evolution of phenotypic plasticity. Annual Review 
of Ecology and Systemati

SCHLICHTING, C. D. (2004): The role of phenotypic plasticity in diversi
DEWITT, T. J. & SCHEINER, S. M. (eds): Phenotypic plasticity: functional and 
conceptual approaches. Oxford University Press, Oxford. 

SCHLUTER, D. (1996):

SCHLUTER, D. (2001): Ecology and the origin of species. Trends in Ecology and 
Evolution 16: 372-380. 

SCHMIDT-NIELSEN, K. (1984): Why is animal size so important? Cambridge 
University Press, New York. 

SCHNEIDER, C. J., SMITH, T. B., LARISON, B. & MORITZ, C. (1999): A test of 
alternative models of diversification in tropical rainforests: ecological gradients vs. 
rainforest refugia. Proceedings of the National Acadamy of Science of the United States 
of America 96: 13869-13873. 

 236



References 

SCHNEIDER, S., ROESSLI, D. & EXCOFFIER, L. (2000): Arlequin: a software for 
population genetics data analysis. Version 2.000. Genetics and Biometry Lab, 
Department of Anthropology, University of Geneva. 

SCHUBART, O. (1934): Tausendfüßler oder Myriapoda. I: Diplopoda. Fischer, Jena. 

SCHUBART, O. (1955): Feinde der Myriapoda. Nachrichten des 
naturwissenschaftlichen Museums Aschaffenburg 49: 1-29. 

ATE, M. C. (1981): Decomposition rates and nutrient contents 

hlid fish diversity 

ates in North America. Ecological Applications 

, K. L. & DANLEY, P. D. (2003): Behavioral genomics and the study of 
 boundary. Zoology 106: 261-273. 

ponentially with distance. 

 in the continental USA, 
as (Diplopoda: 

Pyrgdesmidae (Polydesmida) from the southeastern United States, with a summary of 

rum II. A list of the genus and family-
group names in the class Diplopoda from 1958 through 1999. Pensoft, Moscow. 

ed species. In: NITECKI, M. 
H. (ed): Biotic crisis in ecological and evolutionary time. Academic Press, New York: 

SIMPSON, B. B. & HAFFER, J. (1978): Speciation patterns in the Amazonian forest 

SCHWERDTFEGER, F. (1963): Ökologie der Tiere. Band I: Autökologie. Paul Parey, 
Hamburg. 

SCOTT, S. M. & DINGLE, H. (1990): Developmental programmes and adaptive 
syndromes in insect life-cycles. Insect life cycles - genetics, evolution and co-
ordination. Springer, London: 69-85. 

SEASTEDT, T. R. & T
of arthropod remains in forest litter. Ecology 62: 13-19. 

SEEHAUSEN, O., VAN ALPHEN, J. J. M. & WITTE, F. (1997): Cic
threatened by eutrophication that curbs sexual selection. Science 277: 1808-1811. 

SEXTON, J. P., MCKAY, J. K. & SALA, A. (2002): Plasticity and genetic diversity 
may allow saltcedar to invade cold clim
12: 1652-1660. 

SHAW
speciation at a porous species

SHAW, M. W. (1995): Similation of population expansion and spatial pattern when 
individual dispersal distributions do not decline ex
Proceedings of the Royal Society of London 259: 243-248. 

SHELLEY, R. M. (2004): The millipede family Pyrgodesmidae
with the first record of Poratia digitata (Porat) from the Baham
Polydesmida). Journal of Natural History 38: 1159-1181. 

SHELLEY, R. M. & GOLOVATCH, S. I. (2001): New records of the millipede family 

the fauna. Entomology News 112: 59-63. 

SHELLEY, R. M., SIERWALD, P., KISER, S. B. & GOLOVATCH, S. I. (2000): 
Nomenclatur generum et familiarum Diplopodo

SIMBERLOFF, D. (1981): Community effects of introduc

53-81. 

biota. Annual Review of Ecology and Systematics 9: 497-518. 

 237



References 

SIMPSON, G. G. (1953): The major features of evolution. Columbia University Press, 
New York. 

SIOLI, H. (1951): Zum Alterungsprozeß von Flüssen und Flußtypen im Amazonas-
gebiet. Archiv für Hydrobiologie 45: 267-283. 

SIOLI, H. (1956): Über Natur und Mensch im brasilianischen Amazonasgebiet. 

Limnology and 
landscape ecology of a mighty tropical river and its basin. Junk Publ., Dordrecht: 127-

SLATKIN, M. (1993): Isolation by distance in equilibrium and non-equilibrium 

ART, B. R. (1970): The niche variation hypothesis: a test and 

t. Biological Reviews 37: 171-214. 

SOUTHWOOD, T. R. E. (1988): Tactics, strategies and templets. Oikos 52: 3-18. 

es and life-history trade-offs in 
aphids relative to plant quality. Oecologia 102: 246-254. 

Erdkunde 10: 89-109. 

SIOLI, H. (1984a): The Amazon and its main affluents: Hydrography, morphology of 
the river courses, and river types. In: SIOLI, H. (ed): The Amazon. 

165. 

SIOLI, H. (1984b): The Amazon. Limnology and landscape ecology of a mighty 
tropical river and its basin. Junk Publ., Dordrecht. 

SLATKIN, M. (1985): Rare alleles as indicators of gene flow. Evolution 39: 53-65. 

populations. Evolution 47: 264-279. 

SNIDER, R. M. (1981): The reproductive biology of Polydesmus inconstans 
(Diplopoda: Polydesmidae) at constant temperatures. Pedobiologia 22: 354-365. 

SOKAL, R. R. & CROVELLO, T. J. (1970): The biological species concept: A critical 
evaluation. American Naturalist 104: 127-153. 

SOMME, L. (1994): The adaptation of Alpine terrestrial arthropods to desiccation. 
International Journal of Ecology 15: 55-62. 

SOULE, M. & STEW
alternatives. American Naturalist 104: 85-97. 

SOUTHWOOD, T. R. E. (1962): Migration of terrestrial arthropods in relation to 
habita

SOUTHWOOD, T. R. E. (1977): Habitat, the templet for ecological strategies? Journal 
of Animal Ecology 46: 337-365. 

SPERLICH, D. (1988): Populationsgenetik. Fischer, Stuttgart. 

SPICHTIG, M. & KAWECKI, T. J. (2004): The maintenance (or not) of polygenic 
variation by soft selection in heterogeneous environments. The American Naturalist 
164: 70-84. 

SPSS INC. (2002): SPSS Base 11.5 for Windows User’s Guide. SPSS Inc., Chicago.   

STADLER, B. (1995): Adaptive allocation of resourc

 238



References 

STATSOFT INC. (2001): STATISTICA system reference, version 6. StatSoft Inc, 
Tulsa. 

STEARNS, S. C. (1989): Trade-offs in life-history evolution. Functional Ecology 3: 

SYMONDS, M. R. E. & JOHNSON, C. N. (2006): Range size-abundance relationship 

ylength and humidity 
s environmental cues for diapause termination in a tropical beetle. Physiological 
ntomology 12: 213-224. 

TANAKA, S., WOLDA, H. & DENLINGER, D. L. (1987b): Abstinence from mating 
by sexually mature males of the fungus beetle Stenotarsus rotundus during a tropical 
dry season. Biotropica 19: 252-254. 

TAUBER, M. J., TAUBER, C. A. & MASAKI, S. (1986): Seasonal adaptations of 
insects. Oxford University Press, New York. 

TAUTZ, D. (1989): Hypervariability of simple sequences as a general source for 
polymorphic DNA markers. Nucleic Acids Research 17: 389-399. 

TAYLOR, E. C. (1982): Role of aerobic microbial populations in cellulose digestion by 
desert millipedes. Applied Environmental Microbiology 44: 281-291. 

TEMPLETON, A. R., ROUTMAN, E. & PHILIPPS, C. A. (1995): Separating 
population structure from population history: a cladistic analysis of the geographical 
distribution of mitochondrial DNA haplotypes in the tiger salamander, Ambystoma 
tigrinum. Genetics 140: 767-782. 

TENZER, C. & PLACHTER, H. (2003): Dispersal of terrestrial invertebrates by river - 
an important ecological process. Verhandlungen der Gesellschaft für Ökologie 33: 327. 

TILMAN, D. (1994): Competition and biodiversity in spatially structured habitats. 
Ecology 75: 2-16. 

TISCHLER, W. (1984): Einführung in die Ökologie. Fischer, Stuttgart. 

TOMIUK, J. & LOESCHCKE, V. (1991): A new measure of genetic identity between 
populations of sexual and asexual species. Evolution 45: 1685-1694. 

259-268. 

STOUTJESDIJK, P. H. & BARKMANN, J. J. (1992): Microclimate, vegetation and 
fauna. Opulus Press, Knivsta. 

in Australian passerines. Global Ecology & Biogeography 15: 143-152. 

TADEKA, N. (1984): The aggregation phenomenon in terrestrial isopods. Zoological 
Symposium 53: 381-404. 

TAJOVSKY, K. (1993): Diversity and structure of millipede communities (Diplopoda) 
in four different biotopes. Ekologia, Bratislava 12: 277-283. 

TANAKA, S., DENLINGER, D. L. & WOLDA, H. (1987a): Da
a
E

 239



References 

240

TURCHIN, P. (1989): P
Ani

TURNER, J. R. G., LENNON, J. J. & GREEN
cause the global biodiversity gradient?
BARBAULT, R. (eds): Aspects of the genesis 
Oxford Uni

 

opulation consequences of aggregative movement. Journal of 
mal Ecology 58: 75-100. 

WOOOD, J. J. D. (1996): Does climate 
 In: HOCHBERG, M. F., CLOBERT, J. &

and maintenance of biological diversity. 
ve ress, Oxford: 1

UTHICKE, S. & BENZIE, J. A. H. (2000): All  c is indicates high 
gene flow between populations of Holothuria (Microthele) nobilis (Holothuroidea: 
Aspidochirotida) on the Great Barrie 5. 

VACHON, M., LAMY, J. & GOYFFON, M. (1972): Disk electrophoresis of 
hemolymph as a biochem l cri the
Evolutionary Biochemistry hys -19

VAJDA, Z. & HORNUNG, E. (1991): Temporal and spatial ttern of a diplopod 
population (Megaphyllum unilineatum
Biologica Szegediensis 37: 75-81. 

VALLES-JIMENEZ, R., CRUZ, P. & PE UE 05): Population 
genetic structure of pacif m Mexico to 
Panama: microsatellite DNA variation. Marine Biotechnology 6: 475-484. 

VAN DER D . (19 : eris marginata 
(Villers) for oak-litter decomposition and an  
VANEK, J. (ed): P ia, Prague: 293-298. 

VAN VALEN  (19   
American Naturalist 99: 377-390. 

VANNIER, G. (1970): Réactions des m e lètat hydrique 
du sol. Recherche coopérative sur programm
scientifique) 40: 23-258. 

VARESCHI, ): V a sök er, Stuttgart. 

VENABLES, W MITH, D. M. & R DEVELOPMENT CORE TEAM. (2006): An 
introduction to R. Notes on R: A programm ent for data analysis and 
graphics. Version 2.3.0. 

VERHOEFF, K. W. (1928-1932): Myriapoda Klasse Diplopoda. Akademische 
Verlagsgesellsch

VIA, S., GOLMULKIEWICZ, R., DE JONG, G., SCHEINER, S., SCHLICHTING, C. 
D. & VAN TIENDEREN, P. H. (1995): Adapti
controversy. Trends in Ecology and Evolution 10: 212-217. 

VOHLAND, K. & ADIS, J. (1999): Life history of Pycnotropis tida (Diplopoda: 
Polydesmida: Aphelidesm azonia (Brazil 
and Peru). Ped ia 43: 231-244. 

rsity P

RIFT, J

rogress in soil zoology. Academ

, L. M.

V. (1980

. N., S

aft, Leipzig. 

obiolog
idae) from seasona

99-220. 

ozyme ele trophores

r Reef. Marine Biology 137: 819-82

ica
 & P

terio
iolo

n f
gy 8

or 
: 18

 tax
. 

onomy of scorpions. Journal of 

 pa
 (C. L. Koch) in a sandy grassland. Acta 

R
p (Litopenaeus vannamei

EZ-ENRIQ Z, R. (20
) froic white shrim

75) The significance of the millipede Glom
 in energy flow. In:approach of its part

65): Morphological variation and width of ecological niche.

icroart
e 

hro
du CNRS (centre national de la recherche 

podes aux variations d

eget tion ologie der Tropen. Ulm

ing environm

ve phenotypic plasticity: consensus and 

lly inundated forests in Am

 



References 

 241

VOHLAND, K., FURCH, K. & ADIS, J. 
ts and their inf

 C. L. Koc

ÄNDER, K. & DÜKER,

IJTER
w

gist’s 

Latr. (Is
xpansion

 on the

EIER, R. (2001): Electrophoresis 

(2003): Contrasting Central Amazonian 
rainfores luence on chemical properties of the cuticle of two millipede 
species - a first study. Tropical Ecology 44: 233-239. 

VOIGTLÄNDER, K. (2000): Observations on nest construction by Polydesmus 
denticulatus h, 1847. Abhandlungen und Berichte des Naturkundemuseum 
Görlitz 72: 235-237. 

VOIGTL
millipedes (Myriapoda, Diplopoda) in dry biotopes in Saxony-Anhalt/Eastern Germany. 
European Journal of Soil Biology 37: 325-328. 

VOS, P., HOGERS, M., BLEEKER, M., REIJANS, M., VAN DE LEE, T., HORNES, 
M., FR S, A., POT MA  J., KUIPER, M. & ZABEAU, M. (1995): 
AFLP: a ne  techn e fin rinting. Nucleic Acids Research 23: 4407-
4414. 

WADDINGTON, C. H. (1969): The etaphysical beliefs on 
a biolo work. An au N, C. H. (ed): Towards 
a theoretical biology 2: Sketches. Edinburgh University Press, 72-81. 

WADDINGTON, C. H. (1975): The 
Press. Edinburgh. 

WAHLUND, S. (1928): Zusamm
erscheinungen vom Stan nkt htet. Hereditas 11: 65-
106. 

WALTER, H. & BRECKLE, S.- ogie der Tropen und 
Subtropen. Fischer, Stuttgart. 

WANG, M. & SCHREIBER, ouse Porcellio 
scaber opoda: O
range e . Canadian Journal of Zoology 77: 1337-1347. 

WARBURG, M. R., LINSENMAI
climate  distribution and abundance of isopods. In: SUTTON, S. L. & 
HOLDITCH, D. M. (eds): The biology of terrestrial isopods: 339-363. 

WEIR, B. S. (1996): Genetic da

WEIR, B. S. & COCKERHAM, C. C. (1984): E t s  for the analysis of 
population structure. Evolution 38: 1358-1370. 

WEST-EBERHARD, M. J. (1989): Phenotypi lasticity an
Annual Review of Ecology and System

WEST-EBERHARD, M. J. (2003): Developmental Plasticity and Evolution. Oxford 
University Press Inc., New York. 

WESTERM in Practise. Wiley-VCH., Weinheim. 

 C. (2001): Distribution and species grouping of 

, J
 for

., P
 DN

ELE
A 

N,
gerpiqu

practical consequences of
ical

 m
TOtobiograph  note. In: WADDING

evolution of an evolutionist. Edinburgh University 

ensetz
 Ve

ung von Populationen und Korrelations-
undpu  der rerb gslehre aus betrac

W. (1991): Spezielle Ökol

A. (1999): Population genetics of the woodl
oidnisc ea) in central Europe: passive dispersal and postglacial 

R, K. E. & BERKOVITZ, K. (1984): The effect of 

ta analysis II. Sinauer Associates, Inc., Massachusetts. 

stima ing F- tatistics

c p
: 24

d the origins of diversity. 
atics 20 9-278. 



References 

242

WESTHEIDE, W
wirbellose T

WHITTAKER, R. J., W
towards a general, hierarchical theory of 
453-470. 

W

 

. & RIEGER, R. (1996): Spezielle Zoologie. Teil 1: Einzeller und 
iere. Fischer, Stuttgart. 

ILLIS, K. J. & FIELD, R. (2001): Scale and species richness: 
species diversity. Journal of Biogeography 28: 

ILC (2000) r se und Biologie von 
Muyudesmua obliteratus Kraus, 1960 sowie Poratia digitata (Porat, 1889) (Diplopoda: 
Polydesm n h m 
Amazonasgebiet. Max-Planck-Institute for Lim

WITZEL,  ZAKHAROV, I. A., GORYACHEVA, I. I., ADIS, J. & 
GOLOVATCH, S. I. (2003): Two p us 
Poratia k & k pod odesmidae) found free 
from Wolbachia bacteria. African Invertebrates 44: 331-338. 

WOLDA, H. & DENLINGER, D. L. (1984): Diapause in a large aggregation of a 
tropical beetle. Ecologic 8. 

WOLF, H. G. & ADIS, J. (1992): Geneti
Neomachilellus scandens azonia (Insecta, 
Archa tha). Verhandlungen des Naturwissenschaftlichen Vereins in Hamburg 33: 
3-13. 

WOL . & O  
phenotypic variability in Daphnia populations. Oecologia 68: 507-511. 

WORBES, M. (1983): Vegetations
Überschwemmungs-wäl  l a  ä g Ergebnisse. Amazoniana 
8: 47-65. 

WORBES, M. (1997): The forest ecosystem NK, W. E. (ed): 
The Central Amazon floodplain. Ecology of a pulsing system. Springer, Berlin: 223-
265. 

WRIGHT, C. A. (1974): Biochem cal a als. 
Academ

WRIGHT, S. (1931): Evolution in mendelian populations. Genetics 16: 97-159. 

WRIGHT, S. (1951): The genetical structure of populations. Annals of Eugenetics 15: 
323-354. 

WRIGHT, S. (1978): Variability Within and Among Natural Populations. University of 
Chicago Press. 

YODE NLINGER, D. L. & WOLDA, H. (1992): Aggregation promotes 
water conservation during diapause in the tropical fungus beetle, Stenotarsus rotundus. 
Entom entalis et Applicata 63: 203-205. 

K, L. 

ida: Pyrgodesm

 K. P.,

 Coo

eogna

F, H. G

ic Press, New York and London. 

R, J. A., DE

ologia Experim

: Zu  Morphologie, Artenidentität, Parthenogene

idae) aus dem bota
nology. Diplom

isc em Tropenhaus Kiel und de
a thesis. 

arthenog
iplo

e
a, P

net
oly

ic m
des

illip
mid

ede species/lines of the gen
a, PCoo , 1894 (D yrg

al Entomology 9: 827-83

c differentiation between populations of 
 inhabiting neighbouring forests in Central Am

 M RT, M. A. (1986): Interspecific hybridization underlies the

kundliche Untersuchungen zweier 
iender in Zentra am zon - vorl ufi e 

 of the floodplains. In: JU

i nd immunological taxonomy of anim



References 

 243

YODER, J. A. & GROJEAN, N. C.
t Madagas

, M. 

 J., LINDE, C.
ONAL

OVSKY, L. A., GHARE

 (1997): Group influence on water conservation in 
the gian car hissing cockroach, Gromphadorhina portentosa 
(Dictyoptera:Blaberidae). Physiological Entomology 22: 79-82. 

ZAR, J. H. (1996): Biostatistical Analysis. Prentice-Hall International, London. 

ZERM (2002): Zu ner 
Habitate zentralamazonischer Überschw
Cicindelinae) (Brasilien). Amazoniana 17: 249-282. 

ZHAN,  MERZ, U., BRUNNER, F. & 
MCD D, B. A. (2 eutr
for quantitative traits in the plant pathogenic fungus Mycosphaerella graminicola. 
Molecular Ecology : 

ZHIVOT TT, A. J., MCGREGOR, A. J., GLUBOKOVSKY, 
M. & FELDMAN, on 
(Oncorhynchus sp.): Facts and m on (O. gorbuscha). 
Canadian Journal of Fisheries A c i c 5 2 2. 
 
 

r Biologie und Überlebe
emmungsgebiete (Col.: Carabidae: 

nsstrategie der Sandlaufkäfer offe

 C., JURGENS, T.
005

,
r n

 STEINE
): Variation fo al markers is correlated with variation 

 14 2683-2693. 

M. W

a

. (1994): Gene 
o

nd 

differentiation in Pacific salm

es 
dels with reference to pink salm
quati  Sc en 1: 23-23



 
 

12 APPENDIX 

 
Table 30a. Single locus (PGI) estimates of the average pairwise differences among the studied subpopulations of P. obliterata. All values are highly significant (P < 0.000). 

bove diagonal: average number of pairwise differences between subpopulations (Pixy); diagonal elements (bold): average number of pairwise differences within a 
ubpopulation (Pix); below diagonal: corrected avera wise di rence (P Pix+Pi

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           AM 

A
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JC IP MA IC PG AV TM PQ LJ EB

JC         0.917   0.824 0.918 0.867 0.906 0.877 0.940 0.868 0.902 0.865 0.864

IP 0.098 0.815 0.862     0.818    

0.019     0.854     

IC      0.810   0.770  

  -0.007        

      0.804    

  0.014         

          

          

EB 0.052 0.024 0.003 -0.004 -0.023 0.047 -0.000 -0.013 0.017 0.802 0.858 

AM 0.024 0.004 -0.009 0.075 0.0160 0.028 0.011 0.027 0.069 0.029 0.857 

0.806 0.830 0.778 0.845 0.847 0.833 0.840

MA 0.019 0.871 0.852 0.843 0.849 0.854 0.868 0.840 0.855

0.122 0.027 0.044 0.745 0.779 0.810 0.774 0.774 0.876

PG 0.051 0.008 -0.008 0.830 0.825 0.827 0.808 0.824 0.793 0.859

AV 0.150 -0.008 0.035 0.059 0.032 0.757 0.861 0.849 0.827 0.835

TM 0.032 -0.006 0.013 -0.012 0.058 0.848 0.845 0.837 0.825 0.864

PQ 0.080 -0.000 0.009 -0.009 -0.017 0.016 0.011 0.820 0.816 0.798 0.865

LJ 0.100 0.034 0.0270 -0.004 0.003 0.065 0.007 0.001 0.811 0.824 0.903
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Table 30b. Single locus (PGM) estimates of the average pairwise differences among the studied subpopulations of P. obliterata. All values are highly significant (P < 0.000). 
Above diagonal: average number of pairwise differences between subpopulations (Pixy); diagonal elements (bold): average number of pairwise differences within a 
subpopulation (Pix); below diagonal: corrected average pairwise difference (Pixy-(Pix+Piy)/2). 

 
JC PG AV LJ EB AM 
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 -   7 0.  0. 0 0.     

5 9 0. 8 0. 0  0. 0 0.     

6 1 0. 6 0. 6 0. 4 0.657 8  0.  0.712  
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Table 30d. Single locus (GOT) estimates of the average pairwise differences among the studied subpopulations of P. obliterata. r nificant (P < 0  
Above diagonal: average number of pairwise differences between subpopulations (Pixy); diagonal elements (bold): averag differences wit  
subpopulation (Pix); below diagonal: corrected average pairwise difference (Pixy-(Pix+Piy)/2). 
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IP 0.023 0.456 0.366 0.386 0.536 0.389 0.312 0.349 0.484  
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Table 30e. Single locus (PK) estimate he avera airwise differences among the studied subpopul re highly significant (P < 
Above diagonal: average number of ise dif ces between subpopulations (Pixy); diagonal f pairwise differences wi
subpopulation (Pix); below diagonal: corrected aver airwise difference (Pixy-(Pix+Piy)/2). 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 JC P A IC PG AV TM  AM 

0.000). 
thin a 

s of t
pairw

I

ge p
feren
age p

M

ations of P. obliterata. All values a
elements (bold): average number o

 PQ LJ EB

JC 0.331 52 0 0.460 0.580 0.366 0.60  0.593 0.4 0.60 7 0.316 0.448 0.564

IP 0.034 03 7 0.489 0.522 0.464 0.52  0.525 

MA 0.204 45 0.462 0.522 0.456 0.575 0.44  0.448 

IC 0.040 16 0.037 0.508 0.518 0.470 0.52  0.521 

PG 0.174 30 -0.015 0.024 0.480 0.560 0.45  0.459 

AV -0.007 05 0.137 0.009 0.113 0.414 0.58  0.570 

TM 0.215 51 -0.016 0.044 -0.014 0.147 0.45  0.445 

PQ -0.011 38 0.210 0.044 0.180 -0.006 0.22  0.595 

LJ 0.032 17 0.047 -0.017 0.032 0.003 0.05  0.527 

EB 0.152 19 -0.012 0.014 -0.015 0.094 -0.0 0.468 

AM 0.194 39 -0.016 0.033 -0.016 0.129 -0.0  0.468 

0.520.5

0.0

-0.0

0.0

0.0

0.0

0.0

-0.0

0.0

0.0

9 0.451 0.486 0.517

0 0.602 0.529 0.465

4 0.459 0.489 0.514

2 0.582 0.523 0.472

0 0.363 0.461 0.548

2 0.609 0.531 0.462

2 0.323 0.447 0.565

3 0.035 0.502 0.518

10 0.158 0.021 0.492 

16 0.200 0.042 -0.013



 

 

 

Table 30f. Single locus (ACP) estimates of the average pairwise differences among the studied subpopulations of P. obliterata. All values are highly significant (P < 0.000). 
Above diagonal: average number of pairwise differences between subpopulations (PBiBxy); diagonal elements (bold): average number of pairwise differences within a 
subpopulation (PBiBx); below diagonal: corrected average pairwise difference (PBiBxy-(PBiBx+PBiBy)/2). 

 
 
 

 

 

 

 

 

 

 

 

 

 JC IP MA IC PG AV TM PQ LJ EB AM 

JC 0.340 0.387 0.320 0.380 0.317 0.324 0.333 0.310 0.371 0.336 0.506 

IP 0.006 0.423 0.372 0.404 0.372 0.368 0.374 0.360 0.412 0.376 0.517 

MA -0.009 0.002 0.317 0.366 0.306 0.311 0.320 0.298 0.361 0.323 0.497 

IC 0.004 -0.015 0.000 0.414 0.366 0.362 0.368 0.353 0.407 0.370 0.515 

PG -0.011 0.003 -0.010 0.001 0.315 0.309 0.318 0.296 0.359 0.321 0.498 

AV -0.008 -0.005 -0.009 -0.006 -0.010 0.323 0.319 0.298 0.362 0.322 0.495 

TM -0.005 -0.006 0.007 -0.007 -0.008 -0.011 0.337 0.307 0.369 0.330 0.498 

PQ -0.007 0.000 -0.009 -0.002 -0.010 -0.011 -0.009 0.296 0.351 0.310 0.490 

LJ -0.007 -0.008 0.006 -0.008 -0.007 -0.008 -0.008 -0.005 0.417 0.371 0.520 

EB -0.004 -0.006 -0.007 -0.007 -0.007 -0.010 -0.009 -0.008 -0.008 0.341 0.499 

AM 0.036 0.005 0.038 0.007 0.040 0.033 0.029 0.042 0.011 0.028 0.601 
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