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Abstract 
 

Macroinvertebrate decomposers play a key role in the fragmentation of plant detritus thereby 

affecting decomposition and nutrient cycling.  Issues facing native New Zealand decomposer 

communities are loss of habitat resulting from forest fragmentation and possible competition 

from introduced detritivores.  New Zealand has a diverse assemblage of introduced litter 

macroinvertebrates, including millipedes (Diplopoda) and isopods (Isopoda), but there is limited 

knowledge of species distributions, interactions with native fauna and impacts on ecosystem 

processes.  The focus of this thesis is on native and exotic millipede and isopod communities, 

and had two aims: (1) To increase understanding of the factors driving the abundance and 

distribution of native and exotic millipedes and isopods in native forests in the Auckland region; 

and (2) To quantify the impacts of a native and an exotic millipede species on litter decay and 

nutrient release and to determine whether differences in the rates and timing of these 

processes affected the growth and nutrient uptake of puriri (Vitex lucens) seedlings in a 

microcosm study.  The influence of tree species identity in millipede abundance and species 

richness was revealed in a survey in the Waitakere Ranges.  A survey of millipedes and isopods 

in forest fragments on Auckland’s North Shore also revealed the importance of litter 

composition in driving the abundance and diversity of exotic millipedes and native isopods.  All 

the isopod species were native, but while introduced millipedes were dominant in small forest 

fragments, there was no evidence that their presence had a negative impact on overall 

abundance and diversity of the native millipede and isopod fauna.  The increase in biomass of 

the exotic millipede Oxidus gracilis in the microcosm study was reflected in higher rates of 

decay of high nutrient litters, increased nitrogen and phosphorus release, and higher soil pH 

and ammonium and phosphorus levels, but lower nitrate levels in treatments with this species.  

However, plant growth rates and foliar nutrients were not enhanced by higher ammonium and 

phosphorus levels in exotic millipede treatments and the plants showed evidence of nitrogen 

limitation, suggesting that puriri may require nitrogen in the form of nitrate rather than 

ammonium.  There was no evidence of interspecific competition between the two millipede 

species in this study, but the results indicate that the effects of exotic millipedes on critical 

ecosystem processes and plant communities could be profound.  
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1  Invasive soil macroinvertebrates 

 

1.1 Overview 

Invasive alien species threaten ecosystems, habitats and species and are a key driver of 

human induced global environmental change (Pejchar and Mooney, 2009) and  second only 

to habitat destruction as a cause of native species extinctions (Ehrenfeld and Scott, 2001).  

Global trading and movement of people has breached biogeographical boundaries and 

facilitated the spread of species into regions that they would probably never have reached 

under normal conditions (Mack et al., 2000) and this process seems likely to continue and 

even accelerate (Hulme, 2009; Terauds et al., 2011).  Biological invasions may have 

considerable effects at the individual species level (McGeoch et al., 2010; Sakai et al., 2001), 

and at the ecosystem level by altering biological communities (Borges et al., 2006; Sax et al., 

2005) thereby affecting ecosystem functions and processes (Simberloff, 2011).  Introduction 

of new species may result in the creation of ‘novel ecosystems’ comprising native and exotic 

species, not previously existing in that biogeographical region, which may potentially change 

ecosystem functions and processes (Hobbs et al., 2006).   

 

Issues underpinning much of the early research in invasion ecology were related firstly to 

identifying the characteristics of invasive species and secondly determining invasibility, i.e. 

the factors predisposing ecosystems to invasion by exotic species (Didham et al., 2007; 

Facon et al., 2006; Richardson and Pyšek, 2006).  However, recent reviews suggest that 

these two components of invasion success are not independent (Facon et al., 2006) and 

instead there is interdependence with other drivers of global change including habitat loss 

and climate change (Didham et al., 2007; Tylianakis et al., 2008) in facilitating incursions of 

exotic species  (Didham et al., 2012; Turbé et al., 2010).  Progress has also been made in 

understanding invasion processes and their community impacts (Melbourne et al., 2007) 

and invasion-driven ecological changes have been extensively documented for certain 

native species and communities (Pejchar and Mooney, 2009).  Environmental heterogeneity 

appears to be a key factor which both increases invasion success and reduces its impacts on 
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native species because it promotes invasion and co-existence mechanisms which are not 

possible in homogeneous environments (Melbourne et al., 2007). 

 

Increasingly, attention has turned to the effects of invasive species on ecosystem functions 

and processes (Crooks, 2002; Parker et al., 1999) as a growing body of research has 

demonstrated that changes in species community composition can have far-reaching effects 

on ecosystem processes (Ehrenfeld and Scott, 2001).  Invasive species can alter the 

availability of nutrient resources, trophic levels within food webs, the physical habitat 

including light and moisture levels (Crooks, 2002; Crooks and Khim, 1999; Vitousek, 1990); 

and disturbance regimes (Chapuis et al., 1994); thus changing ecosystem structure and 

functioning with flow-on effects on biogeochemical cycling and fluxes of materials and 

energy (Ehrenfeld, 2010).   

 
Table 1.1 Definitions relating to non-native species based on those given by Hendrix and his 
co-authors (2008). 

 
Invasive non-native or exotic species that causes disturbance to the ecosystem that it 

invades. 
 
Exotic species not naturally occurring in the location in which it is found (also 

referred to as alien). 
 
Introduced species brought to a location by intentional and/or accidental human action. 
 
Peregrine a widely ranging species, often because of human action. 
 
Native  a taxon that occurs naturally in the location where it is found. 
 

 

1.2 Invasive soil fauna 

Invasive species research in terrestrial ecosystems has been dominated by aboveground 

organisms including exotic plants, vertebrates and insects (Sax et al., 2005) and the effects 

of invasive species on belowground ecosystems have received less attention (Ehrenfeld and 

Scott, 2001; González et al., 2006).  However, while less conspicuous, invasions by soil 

organisms are equally important with respect to ecosystem processes (Ehrenfeld and Scott, 

2001; Hendrix, 2006) and pose a growing threat to soil biodiversity arising from major direct 
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and indirect impacts on soil services and native biodiversity (Turbé et al., 2010).  Invasive 

soil invertebrates may affect the diversity and species composition of native soil fauna, and 

may have an impact on the structure and function of natural ecosystems (Stoev et al., 2010) 

by changing soil carbon, nitrogen and phosphorus pools, thereby affecting the distribution 

and function of roots and micro-organisms (Arndt and Perner, 2008) which may affect plant 

growth and community composition. The limited dispersal abilities of many soil invertebrate 

taxa mean that human activities play a dominant role in their distribution beyond their 

biogeographic origin, thus they are an important group to investigate the role of humans in 

facilitating their introduction to new locations and the importance of factors such as 

disturbance, including habitat loss and fragmentation, on their subsequent dispersal and 

establishment. 

 

Soil fauna are often categorised according to size and functional group (Bardgett, 2002; 

Lavelle and Spain, 2001; Wardle, 2002).  Most studies on the impacts of invasive soil fauna 

have focused on macrofauna (body width > 2 mm) not necessarily because of their higher 

invasiveness, but because they are more likely to be noticed (Wardle, 2002) and there is 

greater knowledge of their taxonomy than that of microfauna such as nematodes and 

protozoa (Bardgett and Wardle, 2010).  Soil macrofauna include ecosystem engineers such 

as earthworms, termites and ants; litter transformers including millipedes, isopods, 

amphipods, herbivorous gastropods and some insects; and predatory species such as 

centipedes (Chilopoda), flatworms (Platyhelminthes) and some gastropod groups (Lavelle 

and Spain, 2001).    

 

There is a substantial body of literature on the deleterious effects of invasive predatory soil 

fauna which have had significant impacts on native soil fauna in a number of localities.  

Some species of predatory flatworms (Playhelminthes) have established populations 

worldwide  including Bipalium spp. in North America (Ducey et al., 2006; Ducey et al., 2007); 

Platydemus manokwari which has been linked to the decline of native snails in the 

Ogasawara Archipelago in the western Pacific (Hasegawa et al., 2009; Sugiura, 2010); and 

the New Zealand flatworm (Arthurdendyus triangulatus) which has caused considerable 

economic and ecological damage by predation on lumbricid earthworms in Great Britain 

(Boag and Yeates, 2001; Christensen and Mather, 1998).  Attempted biocontrol of the 
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invasive giant African snail (Achatina fulica) by the introduced predatory snail Euglandina 

rosea has been associated with one of the most pronounced recent cases of oceanic island 

mass extirpations, with E. rosea predation causing native snail extinctions throughout the 

Pacific (Achinatellinae in Hawaii and Partulidae on other Pacific islands) (Coote et al., 2003; 

Lee et al., 2009; Meyer and Cowie, 2011). 

 

This review focuses on saprophagous macroinvertebrates because of their key role in 

decomposition processes.  The first section gives an overview of the role of saprophagous 

soil fauna on litter decomposition, nutrient cycling and the flow-on effects on plant growth.  

I then present the results of a literature search which gives an overview of research on 

invasive soil macroinvertebrates.  Finally, I examine the research on invasive millipedes 

(Diplopoda) and woodlice (Isopoda). 

  

1.3 Ecosystem functions of soil macro-invertebrates 

Decomposition processes are regulated by climatic factors including temperature and 

moisture, soil qualities such as pH (Figure 1.1) and the decomposer community comprising 

microbial and invertebrate decomposers (Förster et al., 2006; Gonzalez and Seastedt, 2001; 

Mary et al., 1996) (Figure 1.1).  Earthworms have been the most widely investigated of the 

larger soil fauna, and contribute to biodegradation of organic matter by enhancing microbial 

activity through physical alteration of plant tissue and the soil matrix (Coleman et al., 2004).  

Less attention has been paid to the role of litter transformers or comminutors (Rawlins et 

al., 2006) including millipedes, isopods and amphipods, which consume leaf litter and 

associated microorganisms and excrete nutrients into the soil (David and Handa, 2010; Hunt 

et al., 1987; Lavelle et al., 1997; Wardle, 2002) (Figure 1.1).  Passage of litter material 

through the gut causes faster leaching of phenolics from finely fragmented litter (Carcamo 

et al. 2000); and may indirectly affect the microbial decomposer community by changing the 

ratio of bacteria and fungi (Teuben and Roelofsma, 1990) (Figure 1.1).  Macroinvertebrate 

faeces may also form a food source for other saprophagous animals especially earthworms, 

further accelerating decomposition processes (Bonkowski et al., 1998).   
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The low nutrient quality of plant detritus requires high ingestion rates which for most 

millipedes species are around 1-5% of body mass per day (Dangerfield and Milner, 1996).  

Low rates of assimilation result in the excretion of similar quantities of faeces (Petersen and 

Luxton, 1982).  Around 90% of the litter mass consumed by the millipede Harpaphe 

haydeniana was released as faecal pellets in a study in Canadian forests (Carcamo et al., 

2000).  In this study transformation of Douglas-fir litter into millipede frass was 

accompanied by an increase in soil pH, higher functional diversity of microorganisms and 

enhanced availability of ammonium and to a lesser extent nitrate compared with litter 

(Carcamo et al., 2000).   

 

Arthropod faecal pellets may form up to 90% of the residual organic matter in the top F 

layer of a northern temperate forest soil (Rawlins et al., 2006).  There is, however, limited 

knowledge of the exact changes in litter biochemistry after digestion and excretion by soil 

fauna (Rawlins et al., 2006).  It has long been assumed that soil fauna increase rates of litter 

decomposition, because of the observed disappearance of litter in the habitats which 

include soil macrofauna and the generally higher nutrient availability in these ecosystems 

(Suzuki et al., 2013).  However, this assumption has been questioned as a result of recent 

studies demonstrating that litter processing by saprophagous invertebrates such as 

millipedes may not enhance decomposition rates because of the recalcitrant nature of 

faecal material and its low level of microbial activity compared to the original litter material 

(Rawlins et al., 2007; Rawlins et al., 2006).  For example, frass produced by the millipede 

Glomeris marginata after consumption of holm oak (Quercus ilex) litter had a significantly 

higher C:N ratio than the initial litter, indicating a slower rate of decomposition (Gillon and 

David, 2001).   

 

Rates and processes of decomposition and mineralisation play a crucial role in global 

biogeochemical cycles by affecting soil nutrient levels thereby influencing plant growth and 

productivity and ecosystem functioning (Bonkowski and Roy, 2012; Setälä and Huhta, 1991; 

Swift et al., 1979) (Figure 1.1).  Knowledge of the contribution of  invertebrate decomposers, 

especially litter transformers, to these processes remains extremely limited (Prescott, 2010; 

Purse et al., 2012), as are the interactions of litter transformers with other fauna and with 
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soil microbial communities and the flow-on effects on decomposition processes and 

pathways (Prescott, 2010).      

 

By breaking down organic matter, saprophagous invertebrates may increase nutrient supply 

for uptake by plant roots, thus altering the availability of growth-limiting elements for plant 

nutrition (Bonkowski and Roy, 2012; Setälä and Huhta, 1991), thereby affecting plant 

growth and productivity (Figure 1.1).  Plants displayed higher growth rates and increased 

nutrient levels when grown in the presence of bacteria and bacterial-feeding nematodes 

than plants in soil with only bacteria (Alphei et al., 1996; Ingham et al., 1985) because of 

increased mineralisation by bacteria and NH4 excretion by nematodes (Ingham et al., 1985).      

 

                          

 
 
Figure 1.1 Flow chart depicting the ecosystem processes of decomposition and nutrient 
cycling and relationships between the decomposer community comprising saprophagous 
soil fauna (microfauna, and meso- and macro-fauna) and the microbial community.  Key 
influences include litter quality and quantity, abiotic factors and anthropogenic disturbance 
and exotic species introductions.  The critical outcomes are decomposition and nutrient 
release, the timing and magnitude of which will influence plant productivity and community 
structure.    
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Addition of isopod and diplopod faeces resulted in higher growth rates and biomass 

production of rice (Oryza sativa) seedlings (Förster et al., 2006).  Similarly, the 

macroinvertebrate fauna (Lumbricus rubellus, Lumbricidae and Enantiulus nanus, 

Diplopoda) increased shoot and root biomass of an alpine grass (Seeber et al., 2008).  Soil 

fauna accelerated N mineralization, resulting in increased leaf, stem and root biomass and 

higher N and P content in leaves of birch seedlings compared to control treatments with 

microorganisms alone (Setälä and Huhta, 1991).  The effects of earthworms on plant growth 

are generally positive in agricultural systems (Scheu, 2003), but invasive earthworms in 

North American forests have had deleterious effects on rare plant species (Gundale, 2002), 

altered plant growth and community composition (Hale et al., 2006; Holdsworth et al., 

2007) and reduced seed abundance (Hopfensperger et al., 2011).   

1.4 Research on invasive macro-invertebrate detritivores 

A search of articles published in peer reviewed journals was conducted using the ISI Web of 

Science, Google Scholar and the author's personal scientific database on invasive macro-

invertebrate decomposers including earthworms, herbivorous snails and slugs, and 

macroarthropods encompassing millipedes, isopods and amphipods.  The search included 

only groups that spend their entire lifecycle in the litter and soil environment and excluded 

insects including social Hymenoptera, Coleoptera and Diptera because many species occupy 

a variety of functional groups.  The search encompassed terrestrial ecosystems including 

natural habitats, agricultural systems and human modified disturbed habitats such as urban 

areas.  Keywords used in the search included: soil fauna, invasive, introduced, exotic, pest, 

saprophagous invertebrates, macroinvertebrates, terrestrial, and the scientific and common 

names of the soil animal groups (Diplopoda, millipedes, earthworms, Oligochaeta, 

Enchytraeidae, Lumbricidae, Mollusca, Gastropoda, Isopoda, woodlice, slaters, Ampiphoda, 

landhoppers) in English in all possible combinations.  A total of 394 articles were located 

covering all years until 2012 (Figure 1.2).   

 

Research on invasive soil fauna has been dominated by exotic earthworm invasions, which 

represent over 55% of the publications obtained through the literature search, with a 

substantial increase in the number of studies in the past decade (Figure 1.2).  Non-native 

earthworm invasions are a worldwide phenomenon, with introduced exotic earthworms 
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present in nearly every biogeographic region except for extremely cold or dry habitats 

(Hendrix et al., 2008).  Approximately 120 peregrine earthworm species are recognised and 

the most widespread invasive species are those able to colonise disturbed habitats (Hendrix 

et al., 2008).  North American forests had previously been virtually devoid of earthworms 

after Pleistocene glaciation eliminated the earthworm fauna (Tiunov et al., 2006) and an 

extensive body of literature documents the impacts of invasive earthworms in these 

ecosystems (Hendrix et al., 2008).  The soil engineering properties of introduced 

earthworms have caused substantial ecosystem effects by alteration of organic matter 

accumulation and soil structural properties (Hale et al., 2005; McLean and Parkinson, 1997), 

decomposition rates  and nutrient dynamics and cycling (Bohlen et al., 2004; Costello and 

Lamberti, 2009; Suárez et al., 2004; Wironen and Moore, 2006), plant community 

composition (González et al., 2006; Hale et al., 2006; Holdsworth et al., 2007) and growth 

rates (Larson et al., 2010).  Exotic earthworms have also had notable impacts on other soil 

fauna including microarthropods (Eisenhauer et al., 2007; McLean and Parkinson, 2000), 

native millipedes (Snyder et al., 2009) and native earthworms (Winsome et al., 2006).  

 

The remaining 45% of the publications relate to macroinvertebrate decomposers involved in 

litter transformation or comminution including gastropods (12%), landhoppers (Amphipoda) 

(9%), millipedes (Diplopoda) (12%) and woodlice (Isopoda) (12%) (Figure 1.2).  There has 

been an increase in the published literature over the past decade for isopods and 

gastropods, but research output has remained relatively static for millipedes and amphipods 

(Figure 1.2).  Many terrestrial molluscs are invasive, and have become pests in agricultural 

and natural ecosystems worldwide (Barker, 1999) and in Hawaii this has been facilitated by 

the horticultural industry which is an important vector for alien slugs and snails (Cowie et 

al., 2008).  While being garden and crop pests, invasive herbivorous molluscs also pose a 

threat to natural ecosystems as selective feeding may reduce fitness of palatable species 

which can change plant community composition and structure (Frank, 2003; Holland et al., 

2007). 
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Figure 1.2. Published articles associated with ‘exotic’, ‘invasive’ and ‘introduced’ litter 
macroinvertebrate decomposers including Isopoda (woodlice), Amphipoda (landhoppers), 
Gastropoda (slugs and snails), Diplopoda (millipedes) and earthworms (Oligochaeta) 
covering the period before 1988 and each succeeding 5 year period until 2012.  
   

1.4.1 Saprophagous macroarthropods 

Saprophagous macroarthropods include millipedes (Diplopoda), woodlice (Isopoda) and 

landhoppers (Amphipoda).  In contrast to earthworms, these groups are not true soil-

dwellers, but typically occur in the leaf litter and the uppermost soil layers, and the sub-

cortical habitats of tree stumps and decaying logs (David and Handa, 2010; Lavelle and 

Spain, 2001; Topp et al., 2006).  Dispersal ability is low for all three groups, but nonetheless 

many species have a widespread distribution as a result of passive transport by humans, 

(Hopkin and Read, 1992; Purse et al., 2012; Sierwald and Bond, 2007).  Landhoppers 

(Amphipods: Talitridae) are ground dwelling, terrestrial invertebrates of Gondwanan 

remnants including Australia, and New Zealand (Duncan, 1994).  Amphipod invasions have 

occurred in a number of regions including Talitroides topitotum in Mexico (Alvarez et al., 

2000), and Brazil (Lopes and Masunari, 2004; Matavelli et al., 2009); and the Australasian 

species Alcitalitrus dorrieni in the United Kingdom (O'Hanlon and Bolger, 1994; O'Hanlon 

and Bolger, 1997a; O'Hanlon and Bolger, 1997b; O'Hanlon and Bolger, 1997c; O'Hanlon and 

Bolger, 1999; Spicer and Tabel, 1996). 
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Numerous millipede species are globally invasive, not only thriving around human 

settlements, but also successfully colonizing disturbed and natural habitats (Sierwald and 

Bond, 2007).  Almost 50% of Britain’s millipede species are thriving in North America (Kime, 

1990), most likely through human activities, such as transportation of nursery stock and soil 

(Sierwald and Bond, 2007).  Millipede invasions may go unnoticed because of the lack of on-

going monitoring and survey work that includes the identification of millipedes (Sierwald 

and Bond, 2007).   

 

European terrestrial isopods probably colonised North America and elsewhere with the 

arrival of European explorers in ships ballasted with soils from their country of origin, while 

later settlers brought potted plants and agricultural materials, unintentionally including soil 

fauna (Jass and Klausmeier, 2000).  Cosmopolitan isopods, including Porcellionides pruinosus 

(originally from the oriental Mediterranean region (Asia Minor)) and Porcellio scaber (from 

western and central European forests) are distributed across Europe, Africa, America, Asia 

and many islands of the Pacific, Atlantic and Indian oceans (Lefebvre and Marcadé, 2005; 

Wang and Schreiber, 1999).   Habitat use traits such as synanthropy or use of disturbed 

habitats may predispose species to long distance dispersal and range expansion (Purse et 

al., 2012); while phenotypic plasticity in reproduction has been demonstrated in the 

cosmopolitan isopod Armadillidium vulgare which may maximise fitness in a fluctuating 

environment (Dangerfield and Hassall, 1992). 

 

The distributions of exotic isopods and millipedes have been documented in at least 11 

studies (Appendix 1).  Exotic species appear to form a significant component of the soil 

fauna in some locations, although the geographic coverage of the literature is limited and 

most of the studies are more than 10 years old.  For example, introduced invertebrate 

decomposers including the cosmopolitan isopod Armadillidium vulgare, and the julid 

millipedes Cylindroiulus disjunctus and Ommatioulus moreletii dominated the soil fauna in 

the Canary Islands (Arndt and Perner, 2008).  Similarly, introduced millipedes formed just 

under half the millipede fauna on Terceira Island in the Azores (Borges et al., 2006) 

(Appendix 1).  Recent studies have documented introductions of new species of exotic 
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millipedes in Hungary (Bogyó and Korsós, 2010), and isopods in Romania (Ferenţi et al., 

2012) (Appendix 1). 

 

In addition to documenting distribution, a focus of many studies is recording lifecycles and 

population dynamics of invasive millipedes and isopods in order to develop methods of 

control (Appendix 1). For example, this has been a significant focus of research on the 

invasive Portuguese millipede in southern Australia (Appendix 1).  Disturbance is also a 

theme of many European studies which have examined community composition of native 

and alien millipedes and isopods across a gradient of urbanisation in a number of European 

cities (Korsós et al., 2002; Vilisics et al., 2012; Vilisics et al., 2007; Vilisics and Hornung, 

2009).  The importance of disturbance in agroecosystems in affecting millipede and isopod 

populations has been highlighted in a number of studies relating to conservation tillage 

agriculture.  The adoption of conservation tillage agriculture reduces soil disturbance and 

increases the quantity of dead plant material thereby creating a more favourable 

environment for detritivore communities.  Population irruptions in agricultural 

environments have been reported for millipedes in Uganda (Ebregt et al., 2005) and Canada 

(Brunke et al., 2009); and isopods in Australia (Paoletti et al., 2008) and Argentina (Tulli et 

al., 2009) (Appendix 1).  An emerging cereal pest in New South Wales, is the native isopod 

Australiodillo bifrons (Isopoda: Armadillidae) which can reach very high densities in the field 

and causes significant damage to wheat seedlings (Paoletti et al., 2008).  A. bifrons also 

displays the unusual behaviour of forming large aggregations and moving in swarms 

(Paoletti et al., 2008).  The authors postulated that the pest status of this species may be 

increasing due to changes in farming practices associated with conservation tillage which 

reduces soil disturbance and increases levels of decaying plant material thereby creating a 

more favourable environment for A. bifrons (Paoletti et al., 2008).   

 

My literature search also revealed that studies on the ecosystem impacts of invasive 

millipedes and isopods are limited to only eight studies, seven of which have been published 

in the past five years (Appendix 1).  The majority of these studies have investigated invasive 

isopods, with only one investigating interactions of the invasive millipede O. moreleti with 

native millipede fauna in South Australia (Griffin and Bull, 1995) (Appendix 1).  This finding is 

consistent with other researchers who have noted that there is little information on the 
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ecological significance of invasion by soil fauna other than earthworms (Frouz et al., 2008).  

In general, the ecosystem impacts of exotic saprophagous macroarthropods on diversity and 

species composition of native fauna, and decomposition and nutrient cycling remain largely 

unexplored (Bardgett and Wardle, 2010). This omission may be related to the incomplete 

knowledge of the effects and interactions of different functional groups of soil fauna in the 

dynamics of decomposition and nutrient cycling (David and Handa, 2010; Decaëns, 2010; 

Prescott, 2010; Purse et al., 2012).  

 

Population outbreaks  

Millipedes are commonly found at densities of around 10-50 individuals per m2 but 

exceptionally high densities can occur with some species attaining pest status as a result of 

population outbreaks (Hopkin and Read, 1992).  Swarming behaviour and mass migrations 

of millipedes have occurred in many parts of the world (Enghoff and Kebapci, 2008).  Julid 

millipedes frequently invade houses in many countries and are known to stop trains (Baker, 

1978a; Enghoff and Kebapci, 2008; Voigtländer, 2005), as do several irruptive species of 

“train millipedes” (Polydesmida) in Japan (Kaneko, 1999).  Outbreaks of Oxidus gracilis (C. L. 

Koch) have been reported in the southeastern United States (Appel, 2003; O'Neill and 

Reichle, 1970) and Turkey (Enghoff and Kebapci, 2008).  Population densities of O. gracilis 

exceeding 2,500 per m2 in greenhouses in Great Britain were reported to cause serious 

damage to cucumber crops (Edwards and Gunn, 1961).  Ramsay (1966) documented mass 

migrations of the polydesmid millipede Pseudopolydesmus serratus (Say) invading houses 

bordering woodlands near Dayton Ohio, where population densities were up to 800 per m2
 

(Ramsay, 1966).  The Portuguese millipede Ommatoiulus moreletii (Lucas, 1860), is native to 

the Iberian Peninsula, but has colonised many places around the world, notably southern 

Australia where it is a significant pest (Baker, 1978b; Hopkin and Read, 1992).  Ommatoiulus 

moreletii attains very high densities and invades houses during autumn and spring but 

unlike other millipede irruptions, outbreaks of O. moreletii in Australia are not sporadic but 

represent a “permanent” irruption of an introduced species (Baker, 1978a).  Density of O. 

moreletii in gardens and bushland may reach 60 mature individuals per m2, which assuming 

an average density of 20 per m2, gives a population of 200,000 per ha available to invade 

nearby houses (Bailey, 1997).  
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The reasons for population irruptions are obscure (David, 2012).  Mass migrations of Oxidus 

gracilis have been linked to highly favourable climatic conditions which enhance juvenile 

survival (O'Neill and Reichle, 1970); while a mass swarming of Calyptophyllum longiventre in 

Turkey may have been related to increased aridity (Enghoff and Kebapci, 2008).  Mass 

occurrences of the Japanese train millipede Parafontaria laminata (Attems, 1909), have 

been associated with mating behaviour (Kaneko, 1999; Toyota et al., 2006).  A recent study 

revealed that mass outbreaks of the polydesmid Polydesmus angustus Latzel in greenhouses 

or under favourable field conditions could be generated by a small number of fertilized 

females over a two year time period (David, 2012).  In the absence of negative factors 

affecting mortality, such as extreme temperatures, drought and predation, a group of ten P. 

angustus females could potentially grow to > 3000 females the next year and > 1.2 million 

females in year 2 (i.e. 2.4 million individuals including males (David, 2012). 

 

There has been a notable lack of research on the effects of mass aggregations of invasive 

millipedes on decomposition processes, but studies on the endemic Japanese species P. 

laminata suggest that the effects of millipede outbreaks on soil structure and nutrient 

cycling may be considerable (Fujimaki et al., 2010).  P. laminata, which inhabits natural and 

plantation forests in central Japan, has a synchronised eight year lifecycle in which the 

juveniles live underground and consume soil, while the adults feed on litter and soil (Toyota 

et al., 2006).  Reported field densities of P. laminata in October 2000 ranged from 11 to 311 

individuals per  m2 (Hashimoto et al., 2004).  The effects of the emergence of high numbers 

of P. laminata adults included the reduction of the organic layer on the forest floor 

(Hashimoto et al., 2004), and increased litter decomposition rates, soil microbial biomass 

and carbon accumulation in the soil layer (Toyota et al., 2006).  P. laminata also promoted N 

mineralisation, nitrification and N2O emissions and an increase in large soil aggregates (2 

mm) which have been attributed to larval faecal pellets and the walls of moulting chambers 

(Fujimaki et al., 2010).  Geophagous millipedes may modify soil structure by the 

construction of moulting chambers which may persist in the soil environment (Fujimaki et 

al., 2010).  Parafontaria laminata constructs a moulting chamber from its faeces every year 

during its eight year lifecycle (Fujimaki et al., 2010).  The faeces of this species contain a high 

proportion of mineral soil and the walls of the moulting chamber may reach a thickness of 
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several millimetres and persist after completion of moulting (Fujimaki et al., 2010).  Faecal 

pellets of P. laminata are small (~ 2 mm) but have been found to bind to other pellets and 

soil particles thus resulting in greater soil aggregation in areas with high densities of this 

species (Fujimaki et al., 2010).  The effects of P. laminata on N cycling varied between 

millipede developmental stages with juveniles enhancing N leaching and mineralisation 

while high and intermediate adult densities increased soil N content by inhibiting N 

mineralisation  (Toyota and Kaneko, 2012). 

 

The Black Portuguese millipede, Ommatoiulus moreleti is one of the few invasive millipede 

species that has been extensively studied because of its pest status in South Australia 

(Bailey, 1997) (Appendix 1).  O. moreleti was first reported in 1953 and is now a widespread 

and abundant pest species in South Australia, where it occupies a number of habitats 

including grasslands, eucalyptus woodlands and home gardens (Baker, 1978b). Mass 

invasions of houses are documented and O. moreleti has reportedly caused occasional 

disruption to rail traffic in western Victoria (Paoletti et al., 2007).  A considerable body of 

research in the 1970s and 1980s documented the establishment, dispersal and life cycle of 

O. moreleti (Baker, 1978-1985; Appendix 1) and investigated mechanisms of biocontrol 

(Schulte, 1989), but there has been surprisingly little research into the ecosystem impacts of 

this species (Paoletti et al., 2007).  

 

Interactions between O. moreleti and three native millipede species indicated that while 

there was broad overlap in the ecological niches of these species, there was no evidence of 

displacement of the native millipede fauna by the exotic millipede (Griffin and Bull, 1995).  

However, direct competition for resources or habitat modification are possible effects that 

were not investigated in this study (Griffin and Bull, 1995).  More recently, high populations  

of O. moreleti have been reported in the Warby Range State park in Victoria where they 

may be having a deleterious effect on lichens and mosses (Paoletti et al., 2007; Smith, 

2003).  O. moreletii has also been reported to cause damage to canola crops in southern 

Australia (Paoletti et al., 2008).  O. moreleti invasion is likely to change the nature of 

nutrient cycling processes in pastures and grasslands in much of southern Australia 

indicating a need for intensive research into its impacts on litter and soil communities in 

natural and anthropogenic ecosystems  (Bailey, 1997; Paoletti et al., 2007). 
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1.5 Influences on millipede and isopod distribution 

1.5.1 Litter quality 

Species distribution and abundance of millipedes and isopods are known to be affected by 

abiotic factors including moisture and temperature, and soil qualities including pH (David et 

al., 1993) (Kime and Wauthy, 1984).  The decomposer community is also controlled by 

resources (Scheu and Schaefer, 1998) and responds to the nature of organic matter arising 

from plants (Wardle et al., 2004) as the chemical composition and hence palatability of plant 

litter varies between plant species (Swift et al., 1979; Tian et al., 1993; Tian et al., 1995) .  

 

Numerous studies have examined millipede feeding behaviour where litter preference has 

been found to vary with age and state of decomposition of the litter (Brade-Birks, 1930; 

Cloudsley-Thompson, 1958; Kheirallah, 1979), litter species (Carcamo et al., 2000; 

Kheirallah, 1979), and calcium content of the litter (Kime and Golovatch, 2000; Lavelle and 

Spain, 2001; Lyford, 1943).  High litter N content and low C:N ratios are key influences on 

millipede litter preferences and species distributions (Kadamannaya and Sridhar, 2009; 

Loranger-Merciris et al., 2008a) and are also indicated for the isopod Porcellio scaber 

(Loranger-Merciris et al., 2008b; Zimmer and Topp, 2000) and Armadillidium vulgare 

(Abelho and Molles Jr, 2009).  Armadillidium vulgare displayed higher rates of survival on a 

diet of dicotyledonous plants with higher nitrogen levels than monocotyledonous species 

(Rushton and Hassall, 1983; Tuck and Hassall, 2004) and four sympatric isopod species in 

Hong Kong displayed both significant dietary selection and similar food preferences 

(Dudgeon et al., 1990).  Litter nutrient quality has also been shown to affect rates of growth 

and development of the millipede Oxidus gracilis where juveniles reared on their preferred, 

high nutrient litter displayed faster growth rates than individuals reared on leaves of less 

preferred litters (Kheirallah, 1973; Kheirallah, 1978).       

 

Resource opportunities arise for an establishing exotic species as a result of ample resource 

availability and/or if the invader has a superior foraging technique or a lower maintenance 

requirement than that of the resident species (Shea and Chesson, 2002).  Some 
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cosmopolitan isopods display behavioural and physiological versatility in terms of food 

selection and quality.  Porcellio laevis increased their food consumption when fed a low 

nutrient diet which allowed this species to maintain equivalent nutritional levels regardless 

of diet quality (Catalán et al., 2008).  Lavy (2001) found no evidence of nitrogen limitation in 

two isopods, Oniscus asellus and Porcellio scaber, fed on nitrogen limited diets and 

suggested that the animals may compensate pre-ingestively by both additional food 

consumption and increased coprophagy which supplies increased nutrients through 

microbial activity (Lavy et al., 2001) or post-ingestively by retaining food in the gut for longer 

thereby increasing assimilation efficiency (Lavy et al., 2001).   

 

Interactions between invasive plants and invasive litter fauna 

There is growing awareness of the potential for synergy between invaders, where one 

species facilitates the spread of another, typically unrelated species (Heneghan et al., 2007; 

Parker et al., 1999; Simberloff and Von Holle, 1999).  Invasive plant species often have traits 

that differ from those of native plants, and thus plant invasions can modify community 

structure and ecosystem processes in invaded ecosystems (Tuttle et al., 2009; Vitousek, 

1990).   For example, in a Hawaiian study, there was a 400% increase in the abundance of 

non-native amphipods and isopods associated with the invasive nitrogen-fixing tree 

(Falcataria moluccana) compared to a native tree species (Metrosideros polymorpha) (Tuttle 

et al., 2009).  Interactions between the dominant exotic isopod P. scaber and the invasive 

grass Holcus lanatus slowed decomposition rates in California grasslands, because the low 

palatability of H. lanatus litter resulted in increased litter accumulation in this ecosystem, 

which then resulted in the suppression of germination of native plants (Bastow et al., 2008).   

 

1.5.2 Disturbance 

Habitat loss and fragmentation are key explanatory factors for exotic species invasions, and 

numerous studies have revealed a strong correlation between loss of habitat for native 

species and increased abundance of invasive species (Didham et al., 2005; Lozon and 

MacIsaac, 1997).  Exotic earthworms tend to colonise and become established in disturbed 

habitats (Hendrix et al., 2008); following a sequence that includes (a) habitat disturbance, 

(b) decline or extirpation of native species, (c) introduction of exotic species, and (d) 
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colonisation of empty habitat by exotic species (Kalisz and Wood, 1995).  Dispersal of 

introduced earthworms into surrounding undisturbed areas varies, with some reports that 

introduced earthworms failed to disperse into surrounding undisturbed areas (Kalisz and 

Dotson, 1989) while other studies have shown that introductions of exotic species may 

create hotspots that then become hubs for further invasion into surrounding areas 

(Holdsworth et al., 2007).   

 

The focus of much of the research on habitat fragmentation has been the ecological 

consequences of land-use change for organisms living in networks of remnant patches 

surrounded by a mosaic of modified or novel land-use types (Didham, 2010).  Slaters 

(Isopoda) and millipedes are promising indicators of landscape disturbance, soil 

contamination and tillage (Paoletti et al., 2007) and both groups have been investigated 

along gradients of disturbance in agricultural systems and urban areas (Appendix 1).   

 

Both Isopods and millipedes are influenced by the degree of disturbance as well as the 

proximity to habitat from which they can re-colonise following disturbance. Isopods are 

common in agro-ecosystems and are known to be sensitive to cultivation practices (Paoletti 

and Hassall, 1999).  In Australia, introduced exotic species are dominant in most pastures 

and intensively managed forests, including the isopod Porcellio scaber and the exotic 

millipede O. moreleti in fire-managed forests around Melbourne (Paoletti et al., 2007).  

Moss & Hassall (2006) investigated the effects of disturbance on the biodiversity and 

abundance of three isopod species (Armadillidium vulgare, Philoscia muscorum and Porcellio 

scaber) in temperate pasture grasslands in the UK.  The isopod community was most diverse 

when least disturbed by animal grazing, of intermediate diversity under intermediate 

grazing intensity and least diverse in heavily grazed fields (Moss and Hassall, 2006).  

Similarly, species richness of isopods in German agricultural landscapes was highly 

dependent on land use, with significantly higher diversity in fallow land than in grassland, 

and the lowest diversity in arable land (Dauber et al., 2005).  Millipede species richness was 

influenced by proximity to forests which were a source for re-colonisation after disturbance 

(Dauber et al., 2005).  Similarly, large-scale disturbance including habitat fragmentation and 

land clearance has been shown to have a deleterious impact on native paradoxosomatid 

millipede populations in Queensland (Mesibov, 2008).      
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Invasive species which inhabit human disturbed environments may have critical adaptations 

to such environments that resident species lack, giving them an advantage in successful 

colonisation (Shea and Chesson, 2002).  The term phenotypic plasticity describes the ability 

of an organism to alter its behavioural, physiological or morphological characteristics in 

response to environmental change and variability (Knop and Reusser, 2012).  Phenotypic 

plasticity in behavioural and fitness traits may be an important factor in explaining why 

some species become invasive as it enhances niche breadth and may allow the 

establishment of populations in a broader range of environments (Knop and Reusser, 2012).  

Originally described to account for successful plant invasions (Richards et al., 2006), 

phenotypic plasticity has recently been studied in relation to the invasive slug, Arion 

lusitanicus (Knop and Reusser, 2012).  Arion lusitanicus displayed phenotypic plasticity when 

exposed to high temperatures and low food levels, with higher survival and greater egg 

production than the congeneric native species A. fuscus (Knop and Reusser, 2012). Some 

isopod species inhabiting disturbed environments display a female biased sex ratio, which 

increases their intrinsic rate of population growth compared to same species populations in 

more stable habitats (Paoletti and Cantarino, 2002).  The sex ratios of populations of the 

isopod Trachelipus rathkei in conventional orchards with a high input of agricultural 

chemicals were compared with those in low input orchards and uncultivated sites in Italy 

(Paoletti and Cantarino, 2002).  There was lower abundance and consistently higher female 

sex ratio for this species in conventional orchards compared to the other sites, suggesting 

that distorted female-biased sex ratios may arise within populations of T. rathkei subjected 

to high environmental disturbance (Paoletti and Cantarino, 2002).   

 

Urbanisation 

Urbanisation is an increasing worldwide phenomenon which has a profound impact on 

global biodiversity and natural ecosystems (McDonnell et al., 1997; Niemelä and Kotze, 

2009; Vilisics et al., 2012). This impact results from a range of processes associated with 

urbanisation, including habitat destruction, fragmentation, degradation and isolation of the 

remaining natural areas which become incorporated within a matrix of anthropocentric land 

uses (Clarke et al., 2008).  Defining characteristics of urban compared to rural habitats are 

that they are usually more island-like, may represent early successional species and are 
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more easily invaded by alien species (Niemelä, 1999).  These factors may have detrimental 

effects on native biota (Clarke et al., 2008; Suarez et al., 1998) although the degree and 

severity of these effects will vary depending on the level of development of urbanised areas 

(McKinney, 2008; Vilisics et al., 2007).  Disturbance to natural habitats arising from 

urbanisation has been found to extirpate native species from an area and promote the 

establishment of non-native species, by creating habitat for the relatively few species that 

are able to adapt to urban and suburban conditions (McKinney, 2006).  Human disturbance 

may also assist in the formation of new biotopes and habitats for new or establishing 

species (Vilisics et al., 2007); and this process of replacement of localised native species with 

increasingly widespread non-native species promotes biotic homogenisation (McKinney, 

2006).    

   

Numerous studies have examined the effects of urbanization along urban-to-rural gradients, 

from high density inner city locations to increasingly rural area, representing diminishing 

intensities of human disturbance (Hornung et al., 2007; Magura et al., 2004) and have 

tested the relevance of various hypotheses on the effects of urbanisation on various taxa 

(Magura et al., 2008; Magura et al., 2004; Vilisics et al., 2007).  The “Intermediate 

Disturbance Hypothesis (IDH)” proposes that diversity is highest in areas under intermediate 

disturbance (Connell, 1978), but gradually decreases with increasing disturbance 

(“Increasing Disturbance Hypothesis” (Gray, 1989)).  The “Habitat Specialist Hypothesis” 

postulates that the richness of species living in natural habitats decreases with increasing 

disturbance (Magura et al. 2004; Vilisics et al. 2007), which is connected to the 

“Opportunistic Species Hypothesis” in which habitat generalists are likely to be more 

abundant with increasing disturbance (Magura et al., 2004).  The “Invader Species 

Hypothesis (ISH)” states that species richness in disturbed habitats such as suburban and 

urban environments should be low in stenotopic specialists and higher in eurytopic and 

introduced species (Korsós et al., 2002; Vilisics et al., 2007). 

 

Isopods have been used in a number of European urban studies because they are 

widespread, easily identified and are dominant components of the macro-decomposer guild 

in temperate regions (Hornung et al., 2007).  A study of isopods along an urban-rural 

gradient in Hungary revealed that Armadillidium vulgare was abundant at all sites, reflecting 
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the broad tolerance and invasive nature of this species;  Porcellio scaber and Trachelipus 

rathkei were characteristic species in urban sites, while T. ratzburgii characterised natural 

habitats in suburban and rural locations (Hornung et al., 2007).  This study found no 

difference in isopod diversity and abundance between the urban, suburban and rural sites;  

thus contradicting both the increasing disturbance hypothesis that diversity would decline 

with increasing habitat disturbance, and the intermediate disturbance hypothesis 

postulating higher diversity in suburban areas compared with rural and fully urban locations 

(Hornung et al., 2007).  A contrasting result was found in another Hungarian study, where 

the species richness of habitat specialist isopods and ground beetles was significantly higher 

in suburban and rural areas compared to urban areas (Magura et al., 2008).        

 

Distribution patterns of millipedes across urban-rural gradients have tended to follow either 

the opportunistic species hypothesis (Magura et al., 2004) and/or the invader species 

hypothesis where introduced species and habitat generalists are present in anthropogenic 

habitats in urban areas while habitat specialists are more diverse in less disturbed locations 

(Korsós et al., 2002).  Tasmanian studies have recorded the invasion of disturbed bushland  

by  the European julids Ophyiulus pilosus and Cylindroiulus sp. (Mesibov, 2000; Taylor et al., 

1997).  A survey of soil invertebrates in forest fragments in the Tasmanian city of 

Launceston revealed that introduced invertebrates dominated the invertebrate community, 

with only a few resilient native species persisting in this habitat (Taylor et al., 1997).  

Diversity and abundance of spirostreptid (Spirostreptida) millipedes in urban and peri-urban 

habitats in Zimbabwe was highest in peri-urban habitats but there was a shift in species 

dominance between rural and peri-urban areas suggesting that some species were more 

adaptable and less sensitive to disturbance (Mwabvu, 2006).  Anthropogenic habitats in 

Hungary had higher species richness than forest habitats possibly because urban 

environments and their continuously changing conditions offer more diverse microhabitats 

than a climax forest community (Báldi, 2008; Korsós, 1990).  The importance of greenhouses 

in facilitating exotic species incursions was highlighted in a survey of millipede and isopods 

in urban and suburban habitats in Budapest where one new isopod and three new millipede 

species were found in a greenhouse which regularly imported exotic plants (Korsós et al., 

2002).   
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In summary, while urban assemblages of soil invertebrates may show variable patterns of 

species composition, habitat generalists tend to inhabit urban areas, with increasing 

abundance and diversity of forest specialists across a suburban-rural gradient (Vilisics et al., 

2012).  Urban assemblages of isopods and millipedes are often indicative of biotic 

homogenisation characterised by the dominance of disturbance tolerant species, resulting 

in increasing similarity of species assemblages between cities (McKinney, 2006).  Isopod 

assemblages reported in urban zones also include widespread generalist species such as A. 

vulgare and species restricted to synanthropic habitats including P. scaber and 

Porcellionides pruinosus (Vilisics et al., 2012; Vilisics et al., 2007; Vilisics and Hornung, 2009).  

Millipede assemblages across an urban-suburban-rural gradient generally follow a similar 

pattern of cosmopolitan generalist species including Brachydesmus superus, Ophyiulus 

pilosus, O. gracilis and Polydesmus angustus, in urban zones (Korsós et al., 2002; Vilisics et 

al., 2012).   

 

1.6 Exotic invertebrates in New Zealand 

Biological invasions of exotic mammals and plants have significantly affected native species 

and ecosystems in New Zealand.  However, even though over 2000 introduced invertebrates 

are naturalised in New Zealand, little attention has been directed to their ecological impacts 

(Brockerhoff et al., 2010).  New Zealand’s native species and ecosystems are considered to 

be inherently resistant to exotic invertebrate invaders because the high level of endemism 

of native plant species means they are phylogenetically distant from the host plants of 

herbivorous invertebrates  (Brockerhoff et al., 2010).  However, generalist arthropod 

predators including social Hymenoptera are known as invaders with high ecosystem impacts 

(Brockerhoff et al., 2010) and recent studies have shown that they can influence below-

ground processes (Stanley and Ward, 2012; Wardle et al., 2010).   

 

Introduced soil fauna have received little attention in the context of native New Zealand 

ecosystems.  However, most earthworm species found in New Zealand pastoral soils today 

(Aporrectodea spp., Lumbricus spp., Octolasion spp.) arrived accidentally with European 

settlers and have been systematically introduced in some locations because of their 
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enhancement of pasture growth (Schon et al., 2011).  A nationwide farm survey in the early 

1990s found that 64% of 216 farms assessed were inhabited by at least 3–4 European 

lumbricid species (Springett, 1992) and a recent study revealed that all earthworm species 

in agricultural landscapes were peregrine, with only two native anecic species detected in 

two low-fertility sheep-grazed pastures  (Schon et al., 2011).   The authors note the very 

limited literature on earthworm distribution in New Zealand, and highlight a need for 

surveys to establish whether exotic species are invading native forests and displacing 

indigenous earthworms (Schon et al., 2011).  Exotic gastropods present in New Zealand, 

include 15 snail and 14 slug species, originating from Europe, North America and the Pacific 

and associated with agriculture in their native ranges, but widely distributed through human 

activity (Barker, 1999).  The brown garden snail (Cantareus aspersus, formerly Helix 

aspersa), is common in modified vegetation and can also be found in disturbed indigenous 

shrubland and forest (Barker, 1999) and coastal dune systems (Blydenburgh, 2012); but is 

absent from closed-canopy indigenous forest (Barker, 1999).   

 

Exotic saprophagous arthropods are well represented in New Zealand.  There is one 

introduced amphipod species, Arcitalitrus sylvaticus (Haswell), originally from Australia 

which is displacing native landhoppers from disturbed Northland habitats (Duncan, 1994).  

European settlement has resulted in the introduction of at least 13 exotic millipede species 

from Europe, Asia and Australia although there have been no recent publications on their 

distribution in New Zealand (Peter Johns, Canterbury Museum, pers. comm. 2008)  The 

cosmopolitan Asian species Oxidus gracilis (Koch, 1847) and the European julid Ophyiulus 

pilosus (Newport, 1842) were present in New Zealand by 1920 (Chamberlin, 1920).  Other 

common species are the European julid Cylindroiulus britannicus (Verhoeff, 1891) (Dawson, 

1958), and the European polydesmids, Polydesmus inconstans and Brachydesmus superus, 

are also widespread throughout the country (Peter Johns, Canterbury Museum, pers. comm. 

2008).  The cosmopolitan exotic isopod species Porcellio scaber and Armadillidium vulgare 

were first recorded by Chilton at the beginning of the century (Chilton, 1900-1903) and two 

other exotic species, Porcellionides pruinosus and Eluma purpurascens) are also common in 

metropolitan regions in New Zealand (Peter Johns, Canterbury Museum, pers. comm. 2008). 

 There has been little research on the impacts of exotic millipedes and isopods in New 

Zealand native ecosystems, but their presence has been recorded in a number of 
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invertebrate surveys.  The exotic millipede O. pilosus  is widespread throughout the country 

and has been found in beech and podocarp forest (Johns, 1967).  A survey of ground 

dwelling invertebrates in a modified shrubland in the Rock and Pillar Range in Otago, found 

relatively few exotic taxa, but they were proportionately more abundant, comprising up to 

36.5% of all specimens (Derraik et al., 2005).  The exotic millipede O. pilosus was the most 

abundant species overall, comprising over 15% of total invertebrate abundance, and the 

exotic isopod Porcellio scaber was also highly abundant in this survey (Derraik et al., 2005).  

Native and introduced millipedes were found to co-exist in the litter of broadleaf trees such 

as puriri (Vitex lucens) and karaka (Corynocarpus laevigatus) in mixed conifer-angiosperm 

forests in the Waitakere Ranges (Tomlinson, 2007). 

 

1.7 Thesis Outline 

1.7.1 Aims and Objectives 

The overall goals of this thesis were: (1) to increase understanding of the factors driving the 

abundance and distribution of native and exotic millipede and isopod fauna, in native 

forests in the Auckland region; and (2) to compare the impacts of a native and an exotic 

millipede species on ecosystem processes (Figure 1.3). 

 

Litter fauna are known to be structured by abiotic factors including climate and soil 

characteristics, and the nutrient quality of the litter resource.  Factors related to 

anthropogenic disturbance including habitat loss, and fragmentation also affect native litter 

fauna and may facilitate the establishment of exotic species (Figure 1.3).  Millipedes and 

isopods were surveyed in native forests in the Auckland region to determine the significance 

of: (1) tree species identity and litter characteristics in explaining differences in native and 

exotic millipede abundance and species richness (Chapter 2) (Figure 1.3); and (2) factors 

relating to anthropogenic disturbance (e.g. fragment size, shape, and isolation ) and habitat 

(e.g. litter quantity and composition, presence of coarse woody debris (CWD)) in explaining 

native and exotic millipede and isopod species richness and abundance in native forest 

fragments located within a suburban-rural landscape (Chapter 3) (Figure 1.3).   
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Figure 1.3.  Summary of PhD research which investigated the influence of litter qualities 
(Chapter 2) on millipede communities and native forest fragmentation (Chapter 3) on 
millipede and isopod assemblages.  The ecosystem impacts of an exotic and a native 
millipede species on decomposition, nutrient cycling and plant performance were examined 
in a microcosm study (Chapter 4). 
   

  

The third aim of this study was to compare the individual and combined effects of a native 

and an exotic millipede species on the ecosystem processes of decomposition and nutrient 

cycling and to determine whether any differences in the rate and timing of these processes 

translated into changes in the rates of plant growth and nutrient uptake (Chapter 4) (Figure 

1.3).  This was investigated using a microcosm study.  Most disciplines in biology make 

extensive use of model systems (Srivastava et al., 2004) and the microcosm approach to 

litter decomposition studies is widely used as a technique because of the lack of control 

over important variables in field methods and the lack of realism in laboratory studies 

(Huhta, 2007; Salamanca et al., 1998).   

1.7.2 Thesis structure 

This thesis has been compiled as a series of self-contained chapters intended for separate 

publication, which may lead to some repetition of material between chapters. 
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Chapter 2 – describes a field survey of millipedes in native kauri-broadleaf forest in the 

Waitakere Ranges, to determine the significance of tree species identity in explaining 

distribution patterns of native and exotic millipedes. 

Chapter 3 – examines the effects of forest fragmentation on millipede and isopod 

assemblages in native forest fragments across a size and urbanisation gradient on the North 

Shore of Auckland city.   

Chapter 4 – investigates interactions between a native and an exotic millipede species and 

compares the effects of millipede feeding activities on ecosystem processes in a microcosm 

experiment.  This study quantified individual and combined species effects of the native 

millipede (Spirobolellus antipodarus) and an exotic species (Oxidus gracilis) on rates of litter 

decomposition and nutrient release, soil nutrient levels and the flow-on effect on growth 

rates and foliar nutrient uptake of puriri (Vitex lucens) seedlings. 

Chapter 5 – summarises the findings and overall conclusions of the studies outlined above 

and discusses directions for future work.     
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2 Tree species effects on native and exotic millipedes in 
native conifer-broadleaf forests 

 

 

2.1 Abstract 

Millipedes (Diplopoda) are saprophagous soil invertebrates and play an important role in 

decomposition and nutrient cycling by their consumption of dead plant material.  New 

Zealand has a diverse, largely undescribed, native millipede fauna which has been 

augmented by at least thirteen naturalized introduced species, but there is limited 

knowledge of the distribution and abundance of both the native and the exotic fauna in 

native forest ecosystems.  Pitfall traps were used to sample millipedes at three sites in 

native mixed conifer-angiosperm forests in the Auckland region and compared millipede 

density and diversity between the canopy of the conifer kauri (Agathis australis) and two 

broadleaf species, kanuka (Kunzea ericoides) and puriri (Vitex lucens).  Millipede diversity 

and abundance was significantly higher in puriri litter compared to the other litter types.  

Plant species composition of leaf litter was shown to be a significant explanatory factor in 

the models of abundance of the exotic species Ophyiulus pilosus and two native species 

(Icosidesmus hochstetteri and Siphonethus sp.).  Icosidesmus hochstetteri, a native species, 

had the greatest overall abundance, followed by the naturalized, European julid, O. pilosus 

which occurred in puriri litter at all sites.  While the fauna in this study was dominated by 

native species, the high numbers of O. pilosus in puriri litter indicate a need for further 

research on the distribution and impacts of introduced millipedes in native ecosystems. 

 

2.2 Introduction 

Decomposition of plant material and nutrient recycling are key ecosystem functions forming 

an integral component of the soil system (Swift et al., 1979; Wardle, 2002).  Litter 

transformers or comminutors including millipedes (Diplopoda), woodlice (Isopoda) and 

landhoppers (Amphipoda), play a key role in these processes by consumption of leaf litter 

and associated microorganisms and excretion of nutrients into the soil (David and Handa, 

2010; Hunt et al., 1987; Lavelle et al., 1997; Rawlins et al., 2006; Wardle, 2002).  Exotic 

species invasions are one of the key issues in conservation biology (Elton, 1958; Sax et al., 
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2005; Simberloff et al., 2013), but with the exception of exotic earthworms, invasions by 

litter macrofauna have received little attention (Ehrenfeld and Scott, 2001; González et al., 

2006).  Nonetheless, a growing body of literature has demonstrated that changes in the 

species composition of communities can have far-reaching effects on ecosystem processes 

(Ehrenfeld et al., 2001).  Thus invasive soil invertebrates may have negative impacts on both 

native detritivores (Arndt and Perner, 2008; Borges et al., 2006) and decomposition 

dynamics (Lilleskov et al., 2008).    

 

Soil invertebrates are influenced by abiotic factors including soil moisture, temperature, 

porosity and pH (Loranger-Merciris et al., 2008), but community composition also varies 

according to the amount and quality of organic matter (Lavelle and Spain, 2001).  Zinke 

(1962) introduced the concept of “single-tree influence circles” to describe a mosaic of soil 

profiles spatially associated with individual trees (Negrete-Yankelevich et al., 2008; Zinke, 

1962).  Variations between plant species in morphological and physiological characteristics 

such as leaf mass, turnover and decomposition rates lead to distinct spatial patterns with 

respect to quantity and quality of the litter layer (Vohland and Schroth, 1999; Wardle et al., 

2004).  There are few studies examining the influence of individual trees on soil 

biochemistry in mixed forests (Negrete-Yankelevich et al., 2008), but a number of 

laboratory, greenhouse and field studies on grassland species have demonstrated the 

mechanisms by which particular plant species create distinct chemical environments in the 

soil, resulting in bottom-up control of the decomposer food web  (Bardgett et al., 1999; 

Negrete-Yankelevich et al., 2008; Wardle et al., 2003).  Litter consumption by soil 

invertebrates has been shown to be strongly influenced by its palatability, a factor which 

may account for the patchy distribution of soil fauna (Warren and Zou, 2002).  Litter 

preferences have been demonstrated for millipedes in numerous studies (Ashwini and 

Sridhar, 2005; Kheirallah, 1979; Loranger-Merciris et al., 2008; Warren and Zou, 2002). 

 

Millipedes were selected as the focal group of this study because of their key role in 

decomposition processes (Dangerfield and Milner, 1996).  Furthermore, many species are 

widely distributed throughout the world as a result of unintentional transport by humans in 

soil and plant material (Hopkin and Read, 1992).  New Zealand has a rich but largely un-

described native millipede fauna, of which around 121 species have been reported out of an 
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estimated 600 species, and the native fauna has been augmented by the addition of at least 

thirteen introduced species (Peter Johns, Canterbury Museum pers. comm., 2008).  There is 

limited understanding of the ecology of the native millipede fauna and little is known about 

the abundance and range of introduced millipedes in native forest habitats or their impact 

on native litter.  One of the challenges in the New Zealand context is the lack of good 

baseline data on the distribution and abundance of the native invertebrate species 

assemblages in different native forest ecosystems in order to assess the impact of non-

indigenous species on ecosystem processes and native litter fauna. 

 

This study investigates millipede distributions in native mixed conifer-broadleaf forest sites 

in order to determine the influence of different species of native trees, with varying litter 

characteristics on millipede species richness and abundance.  The study formed part of an 

associated study on the distribution and abundance of Coleoptera in this habitat 

(Tomlinson, 2007), and was conducted using pitfall traps as the sampling technique.  Pitfall 

traps are limited in their ability to sample millipedes as they mostly selectively trap surface 

species which are more active than millipedes.  Furthermore, millipede species may inhabit 

a variety of microhabitats in the soil and litter environment, including leaf litter, coarse 

woody debris (CWD) and humus not all of which are targeted by pitfall traps (Mesibov et al., 

1995; Snyder et al., 2006).  However, other techniques including selective searching and 

hand collection by an experienced worker are known to be more subjective, which makes 

comparison between studies and those conducted over different time periods more difficult 

(Mesibov et al., 1995; Snyder et al., 2006).  Pitfall trapping, while biased, can be useful in 

comparative, time-series studies as it involves a ‘standardised’ procedure which can be 

applied consistently across sites and time periods (Mesibov et al., 1995). 

 

Millipedes were sampled beneath three species of native tree in mixed conifer-broadleaf 

forest at three study sites in the Waitakere Ranges in west Auckland.  The overall aims of 

the study were to determine: (1) whether these forests have been invaded by introduced 

millipede species and; (2) whether differences in the litter habitat associated with different 

tree species influenced millipede distribution, species abundance and community 

composition.  The three tree species selected for the study included the conifer species 

kauri (Agathis australis), and two broadleaf species puriri (Vitex lucens) and kanuka (Kunzea 
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ericoides).  Kauri tends to grow in conifer-dominated tree stands and produces litter with a 

high C:N ratio and a slow rate of decomposition.  In contrast, puriri trees are usually growing 

in broadleaf-dominated tree stands, and puriri litter has a higher nitrogen content and 

faster rate of decay than kauri litter (Enright and Ogden, 1987).  Kanuka grows in association 

with both kauri and puriri, and was selected to compare millipede assemblages in litter of 

the same species located in conifer and broadleaf tree stands.  It was predicted that the 

millipede community would differ between the three tree species because differing litter 

characteristicswould result in variation in the litter and soil habitat.  Puriri (Vitex lucens) 

litter was expected to produce the greatest overall abundance and diversity of millipedes 

because of its higher nutrient quality relative to the litters of kanuka (Kunzea ericoides) and 

kauri (Agathis australis) (Enright and Ogden, 1987). 

  

 

2.3 Methods 

2.3.1 Study sites 

The study was conducted in three mixed conifer-angiosperm forest sites in the Waitakere 

Ranges, Auckland Region; Huia (36°49’S, 174°34’E), Piha (36°57’S, 174°29’E) and Huapai 

Reserve (36°47’S, 174˚29’E) (Figure 2.1).  Sites were selected on the basis of similarity in 

topography, aspect and altitude.     

 

A kauri (A. agathis) dominated stand and a broadleaf stand were selected at each site, 

giving a total of 3 kauri stands and 3 broadleaf stands.  The kauri stands were located on the 

upper slopes and ridgeline and while kauri was the most abundant tree species, other 

species were present including the gymnosperms tanekaha (Phyllocladus trichomanoides) 

and rimu (Dacrydium cupressinum) and the angiosperm species kanuka (Kunzea ericoides).  

In contrast, the angiosperm stands were located in less exposed sites on the lower slopes or 

the valley floor and were dominated by angiosperms such as puriri (Vitex lucens), kohekohe 

(Dysoxylum spectabile), karaka (Corynocarpus laevigatus), kanuka (Kunzea ericoides), and 

the nikau palm (Rhopalostylis sapida).   
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Figure 2.1. The three study sites (Huapai, Piha and Huia) were located in the Waitakere 
Ranges, west of Auckland city, New Zealand. Huapai is a 15 ha remnant, whereas Piha and 
Huia are located within a continuous tract of native  forest. 
 

 

 

Two plots were established in the kauri stands and two plots in broadleaf dominated tree 

stands at each site.  In the kauri dominated stands, one plot was located beneath a kauri 

tree and the other under a kanuka tree, hereafter referred to as kanuka/conifer.  In the 

broadleaf stands one plot was established beneath a puriri tree and the other under a 

kanuka tree, hereafter referred to as kanuka/broadleaf.  

  

2.3.2 Millipede sampling 

Five pitfall traps were set 5 m apart beneath the tree canopy at each study plot (Figure 2.2).  

This gave a total of 20 traps at each site, i.e. 10 pitfall traps in the conifer dominated tree 

stands (5 each beneath the kauri and kanuka/conifer trees) and 10 in the broadleaf 

dominated stands (5 each beneath puriri and kanuka/broadleaf) (Figure 2.2).   
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Figure 2.2. Location of pitfall traps at each tree plot in conifer (kauri and kanuka) and 
broadleaf (kanuka and puriri) stands at three sites (Huapai, Huia and Piha) in the Waitakere 
Ranges.  The location of the 5 pitfall traps at each tree plot is represented by the letter P in 
the diagram.  The first pitfall trap was located c. 1 m from the trunk of the tree and the 
other 4 traps were 5 m apart.  Litter samples were collected from 20 cm2 quadrats located c. 
30 cm from the pitfall traps.  
 
  
The pitfall traps were constructed using two plastic containers (11 cm diameter, 10 cm 

depth).  Each trap contained 125 ml of the preservative 50 percent monopropylene glycol 

and was covered with an elevated plywood roof held 2-5 cm above the trap by nails placed 

in the corners of the lid.  One of the containers had drainage holes drilled in the base and 

this was placed in the hole.  The other container was placed inside it so the lip of the trap 

remained flush with the surface of the soil.  The lid was designed to prevent flooding in the 

event of heavy rain and accumulation of leaves and litter in the preservative.  The pitfall 

traps were installed in late January 2006 and were emptied and re-set approximately once a 

month until the end of July 2006, a total collection period of 6 months.  The traps were re-

installed in approximately the same locations in early February 2008 and operated as 

described above for 6 months until early August 2008. 

 

Millipedes (Diplopoda) were sorted to morphospecies (Oliver and Beattie, 1996a; Oliver and 

Beattie, 1996b).  The taxonomy of the millipede fauna in New Zealand is incomplete so 

where possible the millipedes were identified species level, otherwise identification was at 

the level family or  genus and/or species level by Dr Peter Johns (Canterbury Museum) and 

categorised according to whether they were native or introduced species.   
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2.3.3 Litter variables 

One sample of leaf litter was collected from 20 cm x 20 cm quadrats in the vicinity of each of 

the five pitfall traps at each tree plot in October 2006, giving an overall total of 5 litter 

samples per tree plot.  The litter samples were oven dried for 24 hours (to constant weight) 

at 70°C and were then weighed and sorted according to quantity (g) of twigs and wood and 

litter.  Where possible, the leaf litter was identified to species level in order to determine 

the relative contribution of different plant species to the overall total quantity of leaf litter 

at each tree plot.  

   

2.3.4 Data analysis  

Millipede abundance and species richness was pooled for both the monthly collections and 

the two sampling periods (2006 and 2008) as there was insufficient data to warrant a 

repeated measures test of year of collection.  Generalised linear mixed models (GLMMs) in 

the lme4 package (Bates, D. et al., 2013) in R (v.2.12.2; R Development Core Team, 2011) 

were used to test the hypothesis that total millipede abundance and species richness would 

differ between different tree species (puriri, kanuka and kauri) and stands (conifer and 

broadleaf).  GLMMs allow for the inclusion of random effects to account for non-

independence of replicates within groups, which typically occur within a hierarchical 

experimental design (Bolker et al., 2009; Zuur et al., 2009).  In this study the experimental 

design involved nested random effects in which tree stands (conifer and broadleaf) were 

nested within site (Huapai, Huia and Piha) and the fixed effect of tree species (kauri, puriri 

and kanuka) was nested within stand (i.e. puriri and kanuka within broadleaf stands, and 

kauri and kanuka nested within conifer stands).  

 

Principal components analysis (PCA) in PRIMER 6 was used to quantify differences in litter 

species composition between the 20 cm2 litter samples collected from each tree plot (Clarke 

and Gorley, 2006).  The first three axes of the PCA were then included together with other 

litter characteristics including litter weight (g) (Litterwt) and quantity of woody debris 

(WOOD) to investigate relationships between millipedes and litter characteristics.  

Collinearity between litter variables was determined using a correlation matrix and 

significance between pairs of variables was tested using Spearman’s rank order correlations.  

GLMMs were used to model the relationship between the abundance of individual millipede 
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species  and litter variables  (Table 2.1) and variables including site (Huapai, Huia and Piha) 

and stand (conifer and broadleaf).  Models were fitted using a poisson error distribution and 

where necessary an adjustment for over-dispersion was applied (Bolker et al., 2009).  The 

likelihood ratio test (LRT) tested the significance of differences in log-likelihood between the 

null and the fitted model using Chi-square statistics (Bolker et al., 2009).    

 

Permutational analysis of variance (PERMANOVA) in PRIMER 6 was used to investigate the 

relationships between the three study sites (Huia, Huapai and Piha), stands (conifer and 

broadleaf) and tree plots (kanuka (in broadleaf and conifer stands), kauri and puriri) and (a) 

litter variables; and (b) millipede community assemblages.  PERMANOVA allows the analysis 

of multivariate and univariate data in the context of more complex sampling structures 

(Anderson et al., 2008).  The experimental design of this study involved a hierarchical nested 

structure in which tree species (kanuka (in broadleaf and conifer stands), kauri and puriri) 

was the fixed factor, nested within stands (conifer and broadleaf) and sites (Huia, Huapai 

and Piha).  The PERMANOVA analyses were conducted on Bray-Curtis similarity matrices 

using fourth-root transformed species abundance data, which includes the contribution of 

common and rare species to measures of sample similarity (Anderson et al., 2008).  Principal 

co-ordinates analysis (PCO) is an unconstrained ordination of the multivariate data and was 

used as an explanatory tool to visualise the size and direction of effects (Anderson et al., 

2008).  Vector overlays of were added to the PCO ordinations but were restricted to a vector 

length of >0.5 using Spearman correlations, with the length and direction of each vector 

indicating the strength of the relationship.  Analyses of litter variables, and millipede 

community composition were carried out in PRIMER 6 (Anderson et al., 2008; Clarke and 

Gorley, 2006).  Statistical significance for all analyses was set at the 95% level.  

 

 

2.4 Results 

2.4.1 Millipede abundance and diversity 

A total of 283 millipedes were collected during the course of the study, representing 161 

millipedes from 6 months of pitfall trapping during 2006, compared with 122 collected 

during the same period in 2008 (Figure 2.3(a)).  The results of the GLMM revealed that tree 

plot and site were significant (P < 0.001) explanatory variables in the model of total 
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millipede abundance (Table 2.1).  Analysis of the fixed effects revealed that abundance was 

significantly higher in puriri plots (estimate +1.86 SE 0.19, z = 9.61, p < 0.001) compared to 

the two kanuka plots and the kauri plot with significantly higher abundance in puriri study 

plots compared to kauri and the two kanuka plots (Figure 2.2(a)).  The random effect of site 

was a significant factor in the model of millipede abundance with significantly lower 

abundance at Huia site (estimate -0.72 SE 0.16, z = -4.43, P < 0.001) compared to Huapai and 

Piha, while abundance at the Piha was higher than that for Huia but significantly lower than 

Huapai (estimate -0.30 SE 0.14, z = -2.20, P < 0.05).   Mean millipede abundance over the 

two collections was substantially higher in puriri tree plots (mean 34.3 ± SE 4.8), compared 

to the other tree species which ranged from a mean of 5.3 (SE ± 2.1) for kauri, 4.33 (SE ± 

0.76) for kanuka/broadleaf to 3.2 (SE ± 1.1) for kanuka/conifer (Figure 2.3(a)).   

 

Table 2.1. Summary of results of GLMMs (generalised linear mixed models) testing the 
significance of nested random effects and fixed effects on abundance and species richness 
of millipedes.  The random effects included site (Huapai, Huia and Piha), within which were 
nested forest stands (conifer and broadleaf).  The fixed effect was tree species (kauri 
(conifer stands), puriri (broadleaf stands) and kanuka (both conifer and broadleaf stands).  
The fitted model was compared to the null model which included the top tier random effect 
only (Bolker et al., 2009) using the likelihood ratio, the significance of which is tested using 
the Chisq test.  The model also compares the Akaike information criterion (AIC) for the fitted 
and null models. 

                  

 

Terms included in 
model 

      

 
Random  Fixed D.f. AIC Loglik Chisq. Chi Df Pr(>Chisq) 

                  

Abundance 
        Null model 1|Site   3 83.6 -38.8 

   Model (1|Site:Plot) Tree+Site 7 50.5 -18.3 44.1 4 <0.001 

Diversity 
        Null model 1|Site 

 
3 27.4 -10.7 

   Model (1|Site/Plot) Tree 5 19.6 -4.8 11.7 2 <0.01 
                  

 

 

A total of 10 millipede species/families were collected in 2006, compared to 7 in 2008.  Tree 

plot was a significant (P < 0.01) factor in accounting for millipede species richness (Table 2.1) 

which was significantly higher in puriri plots (estimate 0.79, SE 0.32, z = 2.47, P < 0.05) 

compared to the 2 kanuka and the kauri plots.  There was no significant difference in 

diversity between the kanuka and kauri plots (P = 0.82). Species richness was similar 
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between the three study sites with seven genera/species collected from Huapai and Piha, 

and six from Huia (Figure 2.3(b)). 

 

 

Figure 2.3. Mean (±SE) millipede abundance (a) and number of millipede species (b) 
sampled in pitfall traps in 2006 and 2008 beneath three tree species puriri (V. lucens), 
kanuka (K. ericoides) and kauri (A. australis).  Puriri and kauri were sampled in broadleaf and 
conifer tree stands respectively, while kanuka (K. ericoides) was sampled in both.  The study 
was conducted at three study sites (Huapai, Piha and Huia).        
     
 

2.4.2 Influence of litter variables on species abundance 

Litter variables 

The 0.20 m 2 litter samples contained on average the litter of around 5 plant species for 

puriri, kanuka/broadleaf and kanuka/conifer and slightly less for the kauri samples (Table 

2.2).  The mean dry weights of the litter samples were similar for puriri, kanuka/broadleaf 

and kanuka/conifer but kauri litter was heavier (Table 2.3).  On average, puriri litter 

comprised over 19% of the litter present in puriri tree plots although litter from other 

broadleaf species including mahoe (Melicytus ramiflorus) and rewarewa (Knightia excelsa) 

were also present (Table 2.2).  In contrast, kauri litter was dominated by kauri leaves and 

twigs, with rewarewa (Knightia excelsa) comprising around 5% of kauri litter samples (Table 

2.2).  Podocarp species including rimu (Dacrydium cupressinum) and tanekaha (Phyllocladus 

trichomanoides) were also present in kauri litter samples (Table 2.2).  Kanuka leaves are 

small (less than 5mm in length and 2mm wide) and were difficult to separate out and 

identify in the litter collection.  Instead, species composition of the two kanuka litters 

reflected their location.  Kanuka/conifer had a high percentage of kauri litter (14.8%) 
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compared with kanuka/broadleaf which contained a higher level of broadleaf and tree fern 

litter (Table 2.2).  Ponga (Cyathea dealbata) was present in all litter samples but formed a 

higher proportion of the litter from broadleaf plots, representing on average 18.7% of 

kanuka/broadleaf litter and 6.4% of puriri litter (Table 2.2).  

 

Table 2.2. Mean species composition (%) of plant litters present in 20 cm2 litter samples 
collected from puriri, kanuka in broadleaf (kanuka/broadleaf) and conifer (kanuka/conifer 
stands, and kauri plots at Huia, Huapai and Piha in March 2006. 

 

 

Principal components analysis (PCA) of tree species composition of the litter samples 

revealed three distinct axes which together accounted for 87% of the variation between 

samples.  The first axis (PC1) accounted for 43.3% of variation, with 26.2% and 17.5% of 

variation from the second (PC2) and third (PC3) axes respectively (Figure 2.4).  The 

ordination plot shows the clustering of puriri tree plots with puriri litter, while kauri and 

kanuka from conifer stands is associated with kauri litter and kanuka from broadleaf stands 

displays an association with tree fern litter (Figure 2.4).   

Mean % composition of litter samples

Species name Common name Puriri Kanuka/ Kanuka/ Kauri

 broadleaf conifer

Agathis australis Kauri 0.1 0 14.8 47.9

Coprosma arborea Mamangi 0 1.1 0 0

Cordyline australis Cabbage tree 0 0.2 1.3 0

Coryncarpus laevigatus Karaka 0.6 2.1 0.3 0

Cyathea dealbata Ponga 6.4 18.7 2.0 1.2

Dacrydium cupressinum Rimu 0 1.3 1.8 1.0

Freycinetia banksii Kiekie 4.5 0.8 0.3 0

Knightia excelsa Rewarewa 8.0 0.7 3.7 5.5

Melicytus ramiflorus Mahoe 5.4 1.8 1.6 1.1

Myrsine australis Mapou 0.1 0.1 0.3 0

Phyllocladus trichomanoides Tanekaha 0 0 0.7 1.1

Pseudopanax crassifolius Lancewood 0 0.2 0 1.7

Vitex lucens Puriri 19.5 0 0 0

Twigs/wood 29.1 29.5 45.2 25.9

Unidentified litter 26.3 43.6 28.0 14.7
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Figure 2.4. Three-dimensional ordination plot displaying three 3 axes derived from principal 
components analysis (PCA) of plant species composition of 20 cm2 litter samples collected 
from each tree plot at three study sites.  Tree plots are represented by K (kauri), P (puriri), 
Kb (kanuka at broadleaf stands) and Kc (kanuka in conifer stands) together with the site 
number Huapai (1), Huia (2) and Piha (3).  Plant litters are depicted by blue squares, with 
separation evident between kauri, puriri and tree fern litters.   
 

 

Collinearity between the litter variables was generally low with a Spearman rank correlation 

coefficient (rs) of < 0.60 for all pairs.  Therefore, litter composition defined by the three 

major axes of the PCA, litter weight and weight of dead wood were included, together with 

site in the species abundance models (Table 2.3). 
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Table 2.3.  Site (Huia, Huapai and Piha), and litter characteristics used as explanatory 
variables in models of millipede species abundance in native forests in the Waitakere 
Ranges.  Litter variables determined from the five (0.20 m2) litter samples collected at each 
tree plot included mean weight (g) of leaf litter and dead wood, and litter composition as 
defined by the three major axes of the PCA.  The tree plots represented kanuka (K. ericoides) 
at broadleaf and conifer stands, puriri (V. lucens) and kauri (A. australis).  
                

Site Stand 
Tree 
plot 

Litter wt 
(g) 

Wood 
(g) 

PC1 PC2 PC3 

                

Huapai Broadleaf kanuka 52.8 33.2 0.148 -0.502 -0.187 

Huia Broadleaf kanuka 58.9 68.6 0.154 -0.466 -0.233 

Piha Broadleaf kanuka 61.0 82.4 0.163 -0.454 -0.243 

Huapai Conifer kanuka 58.1 139.7 -0.414 -0.139 0.054 

Huia Conifer kanuka 96.3 98.5 -0.414 -0.174 0.011 

Piha Conifer kanuka 49.2 93.9 0.131 -0.214 -0.073 

Huapai Conifer kauri 194.2 65.5 -0.414 -0.165 0.021 

Huia Conifer kauri 217.1 100.8 -0.417 -0.170 0.041 

Piha Conifer kauri 171.6 87.0 -0.414 -0.159 0.050 

Huapai Broadleaf puriri 92.8 58.3 0.135 -0.253 0.549 

Huia Broadleaf puriri 116.9 64.8 0.074 -0.083 0.619 

Piha Broadleaf puriri 113.6 59.1 0.167 -0.277 0.393 
                

 
PERMANOVA analysis revealed a significant difference in litter characteristics between tree 

plots (P(perm)=0.001) (Table 2.4).  Relationships between tree plots and litter characteristics 

are displayed in the PCO ordination, which reveals the association of puriri tree plots with 

PC3, whereas kauri tree plots are clustered with PC2 (Figure 2.5).  Two of the three kanuka 

tree plots in conifer stands displayed an association with quantity of woody debris (Figure 

2.5), whereas the three kanuka plots in broadleaf stands showed the closest association 

with PC1 (Figure 2.5).  The first two axes of the PCO ordination accounted for over 79% of 

total variation (Figure 2.5).   

 
 
Table 2.4. PERMANOVA results of millipede species abundance data with site and stand 
(conifer and broadleaf) nested within site as random factors and tree plot (nested within 
stand and site) as a fixed effect. Significant (< 0.05) P (perm) values are highlighted in bold.  
Source Df SS MS Pseudo-F P (perm) 

Tree (Stand(Site)) 2 63.86 31.93 12.89 0.001 
Site 2 4.06 2.02 0.82 0.48 
Residuals 19 47.09 2.48   
Total 23 115.00    
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Figure 2.5.   Principal co-ordinates (PCO) ordination based on Euclidean distance displaying 
the relationship between litter variables and tree plots at three sites in the Waitakere 
Ranges.  Vectors overlay the PCO for each of the litter variables where the length of the 
vector indicates the strength of the relationship.  Litter variables include differences in plant 
species composition determined from the PCA (PC1, PC2 and PC3), litter weight (g) 
(Litterwt) and weight (g) of woody debris (Wood).  
 

Millipede species abundance 

Litter composition was a key explanatory factor in the models of abundance of two native 

millipedes species, Icosidesmus hochstetteri (PC1), and Siphonethus sp. (PC3); millipede 

abundance was positively correlated with litter composition (Table 2.5).  Litter quantity 

(Litterwt) was a significant factor in the models for S. antipodarus and I. hochstetteri where 

abundance of these species increased with increasing litter weight.  However, a higher 

component of wood in the litter samples was associated with significantly lower abundance 

of both S. antipodarus and Siphonethus sp. (Table 2.5).  The distribution of the dominant 

exotic species in the collection, Ophyiulus pilosus, was significantly influenced by PC3 which 

was associated with puriri litter (Figure 2.5) and site with significantly higher abundance of 
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this species in puriri litter at Huapai (Table 2.5).  The abundance of Schedotrigona sp. also 

showed no significant relationship with any of the tested variables in this study (Table 2.5).   

 
Table 2.5. Results of generalised linear mixed models (GLMMs) on significance of 
explanatory variables on the abundance of the exotic millipede (Ophyiulus pilosus) and 
native millipede genera/species.  The likelihood ratio test (LRT) tested the significance of 
differences in log likelihood (Loglik) between the null and the fitted model using Chi-square  
statistics and significant (P < 0.05) effects are highlighted in bold.  Key explanatory variables 
included site (Huapai, Huia and Piha), litter species composition (PC1, PC3), quantity (g) of 
litter (Litterwt) and wood (wood) in litter samples collected in the vicinity of the five pitfall 
traps at each tree plot (puriri, kanuka/broadleaf, kanuka/conifer and kauri) at each study 
site. 

                

 
Fixed effects D.f. AIC Loglik Chisq. Chi Df Pr(>Chisq) 

                

Ophyiulus pilosus (Exotic) 
      Null model 

 
3 33.2 -13.6 

   Fitted model PC3+Site 6 18.5 -3.2 20.7 3 0.0001 

        Icosidesmus hochstetteri 
      Null model 

 
3 43.0 -18.5 

   Fitted model PC1+Litterwt 7 38.9 -12.5 12.1 4 0.0167 

        Siphonethus sp. 
      Null 

 
3 36.7 -15.4     

 Fitted model PC3+Wood 6 30.1 -9.1 12.6 3 0.006 

        Schedotrigona sp. 
      Null model 

 
3 27.9 -10.9 

   Fitted model PC1 4 28.4 -10.2 1.53 1.0 0.21 

        S. antipodarus 
      Null model 

 
3 21.2 -7.6 

   Fitted model Litterwt+wood 4 16.1 -4.0 7.10 1.0 0.008 
                

 
 

2.4.3 Millipede community composition 

At least 10 families/species of millipedes were represented in the collection.  The majority 

of species collected were native, but two introduced species, Ophyiulus pilosus and Oxidus 

gracilis were collected almost exclusively from puriri litter (Table 2.6).  Ophyiulus pilosus was 

widely distributed at puriri tree plots at all study sites but O. gracilis was only found at the 

puriri tree plot at Huia (Table 2.6).  The most abundant native millipede, Icosidesmus 

hochstetteri (Dalodesmidae), was more abundant in puriri litter but had the widest 
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distribution of all the species with 100% incidence across all litter types and study sites 

(Table 2.6).  In contrast, Siphonethus sp. was less widely distributed, with 100% incidence in 

the puriri study plots, but had lower incidence in the two kanuka plots and was not collected 

at all in the kauri plots.  Schedotrigona sp. had low incidence in the Piha sites, but was 

evenly distributed across all the other study plots and sites.    

 
Table 2.6. Mean abundance and standard errors in parentheses of the millipede species 
collected in pitfall traps beneath puriri, kanuka/broadleaf (Kanuka(B)), kanuka/conifer 
(Kanuka(C)) and kauri trees over two collection periods in 2006 and 2008.  Origin refers to 
native (N) and exotic (E) millipedes. 

 

 

The PERMANOVA analysis revealed that the significant drivers of millipede community 

composition included tree plot (P(perm) < 0.05) and stand (P(perm)<0.01) (Table 2.7).   

Pairwise comparisons were significant for puriri compared to kanuka (t = 3.58, P(perm)= 

0.008), weakly significant for puriri compared to kauri (t = 1.82, P(perm) = 0.059) and non-

significant for kauri compared to kanuka (t = 1.24, P(perm) = 0.28). 

 
Table 2.7. PERMANOVA results with site and stand (conifer and broadleaf) nested within 
site as random factors and tree plot (nested within stand and site) as a fixed effect. 
Significant (< 0.05) P (perm) values are highlighted in bold.  
Source Df SS MS Pseudo-F P (perm) 

Tree (Stand(Site)) 6 16467 2774.4 2.15 0.036 
Site 2 2680 1339.8 0.26 0.842 
Stand (Site) 3 15392 5130.7 4.02 0.003 
Residuals 12 15294 1274.5   
Total 23 49832    
      

 

% Total Mean abundance and (standard error)

Species/Family Origin abundance Puriri Kanuka(B) Kanuka(C) Kauri

Icosidesmus hochstetteri (Dalodesmidae) N 46.1 44.5 (6.5) 6.0 (0) 5.0 (1.0) 8.5 (2.5)

Ophyiulus pilosus (Newport 1942) (Julidae) E 17.9 23.5 (4.5) 0.5 (0.5) 0 0

Siphonethus  sp. (Polyzoniidae) N 14.6 17.5 (1.5) 2.0 (0) 0.5 (0.5) 0

Schedotrigona sp. (Schedotrigonidae) N 7.5 3.0 (1.0) 3.0 (2.0) 2.5 (1.5) 2.0 (1.0)

Unknown N 6.8 3 (1.0) 2.5 (1.5) 1.5 (0.5) 2.0 (2.0)

Spirobolellus antipodarus (Spirobolellidae) N 2.9 2.0 (0) 0.5 (0.5) 0 1.5 (0.5)

Dalodesmidae new genus N 2.5 1 (1) 0.5 (0.5) 0 0

Oxidus gracilis (Koch 1847) (Paradoxosomatidae) E 0.7 1.0 (1.0) 0 0 0

Siphonophora sp.  (Siphonophoridae) N 0.7 0 0 1 (0) 0

Habrodesmidae sp. N 0.4 0.5 (0.5) 0 0 0
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Relationships between tree plots and the five most abundant millipede species in the 

collection are displayed in the PCO ordination, which reveals the strength of the association 

of all five species with puriri tree plots compared to kauri and the majority of the kanuka 

plots (Figure 2.6).  Vector length is greater for Siphonethus sp. and the exotic species O. 

pilosus indicating a stronger relationship than for S.antipodarus and I. hochstetteri (Figure 

2.6).  The weakest relationship is shown by Schedotrigona sp. (Figure 2.6).  The first two 

axes of the PCO ordination accounted for over 77% of total variation (Figure 2.6). 

  
 

 
Figure 2.6.  Principal co-ordinates (PCO) ordination based on Bray Curtis similarity displaying 
the relationship between millipede genera/species with tree plots at three sites in the 
Waitakere Ranges.  Vectors overlay the PCO with the length of the vector indicating the 
strength of the relationship.  Native millipedes are shown in blue text with SCH 
(Schedotrigona sp.), SPI (Spirobolellus antipodarus), ICO (Icosidesmus hochstetteri), SIP 
(Siphonethus sp.).  The exotic millipede Ophyiulus pilosus (OPH) is shown in red text.   
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 2.5 Discussion 

This study indicates that canopy tree species plays an important role in influencing the 

structure of millipede communities in native forest. Overall, millipede abundance and 

diversity was significantly higher in puriri tree plots at all three study sites.  While the 

millipede fauna was predominantly native, there were two introduced species (the 

European julid Ophyiulus pilosus, and the cosmopolitan polydesmid Oxidus gracilis) present 

in these native forest sites, both patchily distributed, but in relatively high numbers in some 

plots.  Litter composition was a significant factor in the models of the two most abundant 

native species (I. hochstetteri and Siphonethus sp.).  The two introduced millipede species, 

were collected almost exclusively from puriri tree plots.  

 

Many millipede species, including several of the European julids have a worldwide 

distribution as a result of the accidental introduction by humans (Hopkin and Read, 1992) so 

the high incidence of one of these widespread species (O. pilosus) in this study was not 

surprising.  Its dominance in puriri litter at all sites suggests that while O. pilosus has 

successfully invaded the detritivore community, its distribution may be influenced by tree 

species identity and the characteristics of litter resources.  Ophyiulus pilosus was first 

recorded in New Zealand in 1914 (Chamberlin, 1920) and was probably introduced early in 

the period following European settlement (Johns, 1967).  This species is now widely 

distributed throughout the country and has been previously found to co-occur with the 

endemic Cambalidae millipede fauna in beech and podocarp forest (Johns, 1967).  It also 

comprised over 15% of total invertebrate abundance beneath Coprosma propinqua and 

Olearia bullata shrubs and in pasture in Otago shrublands (Derraik et al., 2005).  

 

The finding of higher abundance and diversity of millipedes in puriri litter and the 

significance of litter composition as a driver of abundances of three of the five millipede 

species tested in this study, may be related to the higher nutrient content of puriri litter 

compared to kauri and kanuka litter.  Analysis of nutrient content of the litters was not 

undertaken in this study, but other studies have documented the low nutrient content of 

kauri litter (Enright, 2001; Enright and Ogden, 1987; Silvester, 2000; Silvester and Orchard, 

1999).  Enright and Ogden (1987) compared C:N content of kauri and puriri leaves and found 

that green leaves of kauri had a C:N ratio of over 100 compared to 24 in the case of puriri 
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leaves (Enright and Ogden, 1987).  The plant species composition of the kanuka litters 

varied, with tree fern a dominant component of kanuka litter in broadleaf stands, with kauri 

litter a significant component of kanuka litter in conifer stands (Figure 2.3). The high 

proportion of kauri litter may explain the similar levels of millipede abundance in kauri and 

kanuka tree plots in conifer stands.  The low levels of millipede abundance in kanuka plots in 

broadleaf stands may reflect the sclerophyllous nature of tree fern fronds which is 

associated with low rates of decomposition (Enright and Ogden, 1987).   

 

The results highlight the patchy distribution of millipedes in forest habitats, suggesting that 

litter characteristics may be an important factor in structuring New Zealand millipede 

assemblages.   This finding is consistent with studies from other regions.  Soil macrofauna, 

including millipedes, showed strong preferences for certain litter types in an agroforestry 

system in central Amazonia (Vohland and Schroth, 1999).  Litter nitrogen levels were found 

to be an important driver of millipede distribution and abundance in semi-evergreen dry 

forests in Guadeloupe (Lesser Antilles) and in associated feeding trials, millipedes fed 

preferentially on nitrogen-rich leaves (Loranger-Merciris et al., 2008).  Similarly, there was a 

strong correlation between millipede biomass and the C:N ratio of the leaf litter in a study in 

leucaena plantations in Puerto Rico (Warren & Zou, 2002).  Preferences for high N litter 

have been revealed for other litter fauna including the earthworms Pontoscolex corethrurus 

and Amynthas gracilis in eucalyptus (Eucalyptus saligna Sm.) and the nitrogen-fixing albizia 

(Albizia falcataria (L.) Fosb.) stands in Hawai  (Zou, 1993).  Terrestrial isopods have also 

demonstrated preferences for different litter species, such as dicotyledonous litter in the 

case of Armadillidium vulgare (Latreille) (Rushton and Hassall, 1983), while litter pH and 

levels of microbial activity affected the performance of the isopod Porcellio scaber (Zimmer 

and Topp, 1997).   

 

There is an absence of research on saphrophagous soil macroinvertebrates in New Zealand 

ecosystems and limited knowledge of the factors driving species distributions.  Interactions 

between plants and litter and soil fauna have received little research attention (Derraik et 

al., 2005).  However, native versus exotic vegetation has been shown to be an important 

influence on aboveground native Coleoptera assemblages (Crisp et al., 1998; Kuschel, 1990).  

The number and abundance of native beetles collected from a variety of habitats in the 
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lower North Island was positively related to the amount of native vegetation in the habitat, 

with areas with a high proportion of introduced species (gorse and grass) having a 

significantly lower percentage of native beetle species (Crisp et al., 1998).  Similarly, the 

number of native beetle species collected in a survey in the suburb of Lynfield in Auckland 

reported that only 9% of endemic beetle species were found outside native habitats 

(Kuschel, 1990).  The high abundance and diversity of native millipedes and the presence of 

exotic species in puriri tree plots indicates that further investigation is warranted on the 

influence of native tree species on the distribution of native and exotic millipedes and other 

litter fauna. 

 

Introduced litter fauna are well represented in New Zealand’s naturalised immigrant fauna, 

because they circumvent plant defences by feeding on dead plant material  (Brockerhoff et 

al., 2010; Ridley et al., 2000).  Most adventive Lepidoptera are litter dwellers (Hoare, 2001) 

and this was borne out in a study investigating the emergence of Lepidoptera from different 

species of plant litter in which the most abundant species was the exotic tineid moth 

Opogona omoscopa (Tomlinson, 2007).  In addition to O. pilosus and O. gracilis reported in 

the present study, other common exotic millipedes in New Zealand include the European 

julid Cylindroiulus britannicus (Verhoeff, 1891), and the European polydesmids, Polydesmus 

inconstans and Brachydesmus superus (Peter Johns, Canterbury Museum, pers. comm.).   

 

There is awareness of the potentially negative impacts of exotic decomposers on native 

fauna and ecosystem processes (Brockerhoff et al., 2010).  The results of the present study 

highlight that future studies are warranted on the extent to which exotic invertebrates have 

penetrated native forest ecosystems and the factors that may influence their successful 

establishment in these habitats.  Plant species identity as indicated by litter composition 

influenced the distribution of exotic millipedes in this study.  However, anthropogenic 

factors such as the degree of disturbance, fragmentation and proximity to the edge of a 

forest fragment have been revealed as important predictors of non-native invertebrate 

abundance and diversity (Brooks, 1999; Byers, 2002; Didham et al., 2007; With, 2002) and 

warrant further investigation in the context of incursions of exotic soil fauna into New 

Zealand natural habitats.    
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The high abundance of native millipedes and the exotic species O. pilosus in puriri tree plots 

indicates that further investigation is warranted on the nature of the interactions between 

native and introduced millipedes and other soil fauna.  Associations between litter fauna 

and native tree species have received very little attention and this study represents a useful 

starting point for further studies on the relationships between native and exotic litter 

invertebrates and native tree species in New Zealand native forest ecosystems.  The results 

also highlight issues surrounding the role of different native and exotic tree species in 

facilitating the spread of introduced litter fauna into native ecosystems.   

 

2.6 Conclusions 

The results of this study suggest that tree species identity influences millipede abundance, 

species richness and community composition in native forest ecosystems.  Two introduced 

millipede species were found to have invaded and successfully established in these 

ecosystems and were closely associated with litter produced by puriri trees.  The abundance 

of native millipedes was also significantly higher at puriri trees compared to the other tree 

species in this study, indicating that further research is warranted on interactions between 

native and exotic millipedes in this habitat. The results of this study also raise the broader 

issue of the role of different tree species in facilitating the establishment of introduced litter 

fauna in native ecosystems.   
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3 Distribution and community composition of millipedes 

and isopods in native forest fragments along a 

suburban-rural gradient 

   

3.1 Abstract 

Millipedes (Diplopoda) and woodlice (Isopoda) play a key role in decomposition processes 

by fragmentation of litter detritus.  New Zealand has a diverse millipede and isopod fauna 

which has been augmented by a number of naturalized introduced species.  However, there 

is little knowledge of whether introduced species are invading native forest habitats or their 

impacts on endemic isopod and millipede communities.  Millipedes and isopods were 

sampled across a size gradient of 20 native forest fragments in an Auckland suburban-rural 

landscape to determine firstly, whether introduced species had established in these habitats 

and secondly, the significance of a range of environmental and anthropogenic factors on 

community composition of native and exotic species.  Exotic millipede species were a 

dominant component of the fauna in small forest fragments, with the presence of 

disturbance tolerant, synanthropic species such as Cylindroiulus britannicus, Ophyiulus 

pilosus and Oxidus gracilis indicating biotic homogenization of these habitats.  However, the 

high diversity of native millipedes in small reserve fragments suggests that these habitats 

also play a role in maintaining native millipede populations.  Reserve size and litter 

composition had the strongest influence on exotic millipede distributions, whereas litter 

quantity and tree size (diameter) were more important for native millipedes.  Only native 

isopod species were collected and litter composition was a significant influence on the 

abundance of all three species.  The results highlight the important role of native forest 

reserves in anthropogenic landscapes as a means of preserving native millipedes and 

isopods but the presence of exotic species in these habitats highlights the need for further 

studies examining their effects on both native soil fauna and ecosystem processes such as 

decomposition and nutrient cycling. 
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3.2 Introduction 

An increasing feature of natural habitats worldwide is fragmentation (Tews et al., 2004) 

whereby natural landscapes are being replaced by human-dominated mosaic landscapes 

(Tscharntke et al., 2012).  Habitat fragmentation is a process involving both habitat loss and 

reduction of the amount of habitat arising from the division of large, continuous habitats 

into smaller, more isolated remnants (Ewers and Didham, 2006; Fahrig, 2003).  The creation 

of small isolated patches as a result of fragmentation not only changes the properties of the 

remaining habitat (Fahrig, 2003; van den Berg et al., 2001) by affecting environmental 

conditions within fragments as a result of edge effects (Ewers and Didham, 2007) but 

physical isolation of patches and patch connectivity affects species dispersal (Didham, 

2010).  Habitat loss has large, consistently negative effects on biodiversity whereas the 

effects of habitat fragmentation on biodiversity are often weaker and may be taxon specific 

(Fahrig, 2003).  Nonetheless changes to the qualities of remnant fragments are recognised 

as having major effects on population dynamics and species persistence (Abensperg-Traun 

and Smith, 1999; Andrén, 1994; Ewers and Didham, 2006).  The focus of much of the 

research on habitat fragmentation are the ecological consequences of land-use change for 

organisms living in networks of remnant patches surrounded by a mosaic of modified or 

novel land-use types (Didham, 2010).   

 

Habitat loss and reduction of suitable habitat as a result of fragmentation is a defining 

characteristic of urbanisation (Clarke et al., 2008).  Studies in urban fragments have shown 

that decreasing habitat size may have negative impacts on native fauna by reduction of 

population sizes (Bolger et al., 2000), causing local extinctions of some species (Clarke et al., 

2008), while reduced gene flow in small, isolated populations may lead to inbreeding and 

reduced fitness in urban populations (Hitchings and Beebee, 1998).  However, with respect 

to invertebrates, the effects of urbanisation are not consistent and have been found to vary 

according to taxa (Alaruikka et al., 2002; Gibb and Hochuli, 2002).  Edge effects are also 

increased by fragmentation resulting in changes to the microclimate which may have a 

negative impact on some species (Ewers and Didham, 2007; Helzer and Jelinski, 1999; 

Saunders et al., 1991) and facilitate invasion by exotic species (Didham et al., 2005; Lozon 

and MacIsaac, 1997; Suarez et al., 1998).  One of the key questions in urban ecology is 
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whether the addition of non-native species associated with urbanization exceeds the loss of 

native species to produce a net gain in species richness with urbanization (McKinney, 2008).  

Another critical issue are the potential effects on ecosystem processes and functions of 

novel species assemblages, comprising exotic and disturbance tolerant native species 

(Hobbs et al., 2006; Hobbs et al., 2009).  Habitat fragmentation with increasing urbanization 

is likely to continue and the challenge for restoration ecologists is maintaining native species 

biodiversity in fragmented landscapes (Marzluff and Ewing, 2001; McFrederick and LeBuhn, 

2006).  However, notwithstanding the often detrimental impacts of urbanisation on native 

species, it is increasingly being recognised that natural habitats within urban areas will play 

a growing and critical role in species conservation (Adams, 2005; McFrederick and LeBuhn, 

2006; Watts and Larivière, 2004). 

 

While there has been much debate on the effects of forest fragmentation on biodiversity 

(Didham et al., 1996), there has been limited research focus on soil fauna and little is known 

about the effects of habitat fragmentation on the diversity of soil invertebrates (Baker, 

1998; Didham et al., 1996; Tajovský et al., 2012).  Some studies indicate that soil organisms 

in general are not sensitive to fragmentation (David and Handa, 2010; Rantalainen et al., 

2008), but rare, more specialized species or those with poor dispersal ability may be more 

sensitive to these processes (Tajovský et al., 2012; Tscharntke et al., 2002).  Terrestrial 

isopods have been used quite widely as a model group in European studies, to assess the 

effects of forest fragmentation on species richness and abundance (Tajovský et al., 2012) 

because they are widespread, easily identified and are dominant components of the macro-

decomposer guild in temperate regions (Hornung et al., 2007).  Isopods are known to 

aggregate in high densities reaching as many as 1000s per square metre (Paoletti and 

Hassall, 1999) and the often high abundance and synanthropic nature of many isopod 

species highlight their adaptability to different environmental conditions (Jass and 

Klausmeier, 2000).  Isopods are also potential bio-indicators of environmental quality in 

natural and polluted habitats (Paoletti and Hassall, 1999; Tajovský et al., 2012); and 

together with millipedes have been investigated along gradients of disturbance in 

agricultural systems (Paoletti et al., 2007; Paoletti et al., 2008), urban areas (Hornung et al., 

2007; Magura et al., 2008; Vilisics et al., 2012) and natural forest habitats (Magrini et al., 

2011). 
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New Zealand has a diverse, largely undescribed native millipede fauna with an estimated 

species number of over 600 which has been augmented by at least thirteen introduced 

species (Peter Johns, Canterbury Museum, pers. comm. 2008).  There has been limited 

research on terrestrial isopods in New Zealand since the 1950s.  At that time there were 

forty-eight species known in New Zealand, four of which were exotic including Porcellio 

scaber, Armadillidium vulgare, Porcellionides pruinosus and Ligia exotica (Hurley, 1950).  P. 

scaber and A. vulgare were first recorded at the beginning of the twentieth century (Chilton, 

1900-1903), and together with P. pruinosus and Eluma purpurascens are common in 

metropolitan regions in New Zealand (Peter Johns, Canterbury Museum, pers. comm. 2008).  

There is poor understanding of both the distribution of native and exotic millipedes and 

isopods and the impacts of habit fragmentation on endemic species diversity and its role in 

facilitating the establishment of exotic species in native habitats. 

   

The aims of this study were: (1) to establish whether introduced millipedes and isopods 

were present in native forest fragments of varying sizes, located in a suburban-rural matrix 

on the North Shore of Auckland city; (2) to determine the effects of forest fragmentation on 

native millipede and isopod assemblages, and in particular to establish whether there was a 

decline in the species richness and abundance of the native millipede and isopod fauna with 

decreasing fragment size; and (3) to identify the key environmental factors and reserve 

attributes influencing species abundances of native and exotic millipedes and isopods.  The 

hypotheses were that species richness and abundance of exotic millipedes and isopods 

would decline with increasing reserve size, while conversely, native millipede and isopod 

richness and abundance would be negatively affected by decreasing fragment size.  The 

hypothesis was that small forest fragments would be dominated by exotic species with 

higher abundance and species richness of native millipedes and isopods in large fragments. 
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3.3 Methods 

3.3.1 Study sites 

The study was conducted within urban and peri-urban reserves on the North Shore of 

Auckland city.  The area covers 130,000 ha on the north eastern coast of Auckland and is 

characterized by suburban development along the coastal margin (Figure 3.1).  The history 

of each of the reserves is not documented and therefore it was not possible to determine 

the age of each of the fragments used in the study.  Residential development commenced in 

suburbs such as Birkenhead in south western parts of the North Shore in the late nineteenth 

century (Figure 3.1).  Reserve fragments in these suburbs (e.g. reserves 9, 16, 11, 14 and 15) 

tended to be larger (> 11 ha).  New subdivisions were developed from the late 1950s along 

the eastern bays after the construction of the Auckland Harbour Bridge accelerated housing 

development on the North Shore.  The reserves in these suburbs were among the smallest 

in the study (< 11 ha, Figure 3.1) and prior to residential development, much of this area 

was farmland.  One of the small reserves (number 7, Figure 3.1) was located at Long Bay 

Regional Park and was still surrounded by grassland.  Large reserves (numbers 17, 18 and 

20) were located on the suburban fringe in the northern district of Albany which is 

predominantly rural in nature, comprising regenerating scrub and pasture, interspersed 

with low density housing (Figure 3.1).  

 

The criteria for selection of the forest fragments were reserve size and vegetation 

composition.  The aim was to include fragments in a range of sizes (small to large) with 

predominantly native broadleaf tree species in the study plots in each of the studied 

fragments.  Selection of suitable study plots at each of the reserves was aimed at 

standardising the high degree of environmental variability present both within and between 

the fragments, in order to minimise confounding factors.  Moisture availability is known to 

affect abundance and diversity of saprophagous soil invertebrates including millipedes and 

isopods (Hopkin and Read, 1992) so all study plots were located within 15 m of a freshwater 

stream (Figure 3.2).  The effects of habitat fragmentation and edge effects has also been 

found to influence invertebrate and insect communities (Didham et al., 1996; Ewers and 

Didham, 2006) so study plots were located at least 100 m from the forest edge and 10 

metres from paths.  Vegetation composition will affect the nutrient quality of the litter 
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available to invertebrate decomposers, and distribution of millipede and isopods are known 

to be influenced by litter quality (Loranger-Merciris et al., 2008; Rushton and Hassall, 1983).  

Therefore study plots were required to contain at least 50% broadleaf litter and were 

located beneath a predominantly broadleaf or mixed broadleaf/podocarp canopy.  While 

the age of each fragment was unknown, the vegetation composition of each of the study 

plots comprised predominantly late succession native tree species such as puriri (Vitex 

lucens), mahoe (Melicytus ramiflorus), taraire (Beilschmiedia tarairi) and rewarewa (Knightia 

excelsa).  Some of the study plots in the larger fragments on the city fringe were in the 

centre of regenerating native forest tracts and early successional species including kanuka 

(Kunzea ericoides) and manuka (Leptospermum scoparium) were present towards the edge 

of these fragments.  

    

 

Figure 3.1.  Location of the 20 reserve sites in suburban areas and the rural fringe of the 
North Shore of Auckland city, and names and size (ha) of each reserve in ascending order.  
The dark green shading represents native forests and exotic forests are highlighted in bright 
green.  Latitude and longitude are recorded along the upper horizontal and left vertical axes, 
and distance (m) along the lower horizontal and right vertical axes.    
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3.3.2 Millipede and isopod sampling 

Millipedes are known to have a patchy distribution in forest habitats with different species 

occupying different niches (O'Neill, 1967) and previous studies have demonstrated that one 

sampling method may not provide adequate coverage of the millipede fauna at a site 

(Mesibov et al., 1995; Meyer, 1985; Snyder et al., 2006).  Therefore several methods are 

commonly used for millipede sampling including pitfall trapping, Tullgren extraction from 

samples of leaf litter, and hand collection (Mesibov et al., 1995; Snyder et al., 2006).  Pitfall 

trapping and Tullgren extraction from litter samples have their limitations and may only 

survey a subset of the total fauna at a site (Mesibov et al., 1995).  For example, pitfall 

trapping targets surface active invertebrates and has been found to preferentially sample 

adult or sub-adult individuals whereas Tullgren extraction was found to be more effective 

for larvae and juveniles (Grelle et al., 2000).  However, the strength of these methods is the 

standardised nature of the techniques so that any competent field worker can apply the 

standard procedures and obtain similar results to comparable studies (Mesibov et al., 1995).  

Hand collection as a technique is effective and efficient at sampling the millipede fauna but 

is more subjective than pitfall trapping because of its reliance on the skills and experience of 

the collector (Mesibov et al., 1995).  Mesibov (1995) used pitfall sampling and hand 

collection to sample millipedes in Tasmania and found that the 2 methods gave differing 

millipede species lists and relative abundances (Mesibov, Taylor, & Brereton, 1995).  Isopods 

are active inhabitants of the litter layer and are usually surveyed with pitfall traps but isopod 

abundance and species composition varies in different forest habitats.  Proximity to coarse 

woody debris (CWD) has been found to increase diversity and abundance of both isopods 

and diplopods (Topp et al., 2006).   

 

The aim of the sampling design was to collect isopods and millipedes from as wide a range 

of microhabitats at each study plot using a standard protocol that did not rely on the skill of 

the collector and would enable comparison between sites.  Therefore, the sampling regimes 

selected to collect both the millipede and isopod fauna included Tullgren extraction from 

leaf litter and dead wood samples combined with pitfall trapping.  The optimal time for 

sampling millipedes in the southern hemisphere is autumn (April and May) and spring 

(September to October) when conditions are moist and millipedes are at their highest 
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abundance (Mesibov et al., 1995).  Spring is the optimal time for identifying mature 

specimens of polydesmid millipedes, which typically have a one year lifecycle and reach 

maturity in September-November (Peter Johns, Canterbury Museum, pers. comm. 2008).  

Pitfall trapping was conducted during five months from February to June 2008.  It was not 

possible to conduct the extraction from dead wood and litter samples concurrently because 

of lack of availability of Tullgren funnels.  Therefore Tullgren extraction of invertebrates 

from samples of leaf litter was undertaken in September-October 2008 and extraction of 

specimens from dead wood samples was carried out in December 2008-January 2009. 

 

At each of the studied reserves, a 200 m2 study plot was established (Figure 3.2).  A total of 

six pitfall traps were installed in February 2008 and were arranged in a 20 m x 10 m quadrat 

within the 200 m2 study plot (Figure 3.2).  The pitfall traps were constructed using two 

plastic containers (11 cm diameter, 10 cm depth).  Each trap contained 125 ml of the 

preservative 50% monopropylene glycol and was covered with an elevated plywood roof 

held 2-5 cm above the trap by nails placed in the corners of the lid.  One of the containers 

had drainage holes drilled in the base and this was placed in the hole.  The other container 

was placed inside it so the lip of the trap remained flush with the surface of the soil.  The lid 

was designed to prevent flooding in the event of heavy rain or accumulation of leaves and 

litter in the preservative.  The pitfall traps operated continuously for 5 months from mid-

February until mid-July 2008, but were emptied and reset each month.  Millipede and 

isopods were also extracted from nine litter samples collected from each study site in 

September-October 2008 (Figure 3.2).  All litter and dead wood within a 25 cm x 25 cm 

quadrat was collected and placed in Tullgren funnels for 10 days to extract invertebrates 

which were collected and preserved in 95% ethanol.  Samples of coarse woody debris (CWD) 

were collected from the forest floor in December 2008–January 2009 using a random walk 

methodology starting from the centre of the 200 m2 study plot and moving outwards until ~ 

3 litres had been collected.  The CWD samples were in the 7.5-15 cm diameter size range 

(Harmon et al., 1986) and up to 60 cm in length, and at an advanced stage of decomposition 

(decay class IV out the five decay classes), where the wood was soft on the surface and 

throughout (Siitonen et al., 2000).  The samples were sifted through a 5 mm2 mesh and the 

CWD fragments were then placed in Tullgren funnels for 10 days to extract the millipedes 

and isopods which were collected and preserved in 95% ethanol.   
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Figure 3.2.  A 200 m2 study plot was established 5-15 m from a freshwater stream and 100 
m from the forest edge at each of 20 reserves.  The location of the six pitfall traps within the 
20 x 10 m quadrat is represented by the letter P; while L represents the location of the nine 
25 cm2 litter samples. Coarse woody debris (CWD) was also collected from the plots. 
 
 
 
Millipedes and isopods were sorted to morphospecies (Oliver and Beattie, 1996a; Oliver and 

Beattie, 1996b), and categorised as to whether they were native or introduced.  The 

incomplete taxonomy of native millipedes and isopods meant that identification to species 

level was not possible for many of the morphospecies considered to be native which could 

only be identified to family or genus (Peter Johns, Canterbury Museum, pers. comm. 2008).  

The taxonomy of the introduced fauna is generally known and it was possible to identify 

specimens classified as introduced to species level (Peter Johns, Canterbury Museum, pers. 

comm. 2008).  The isopod key produced by Hurley (1950) was used to identify isopod 

species with assistance from Stephen Thorpe, and Dr Peter Johns of Canterbury Museum 

assisted in the identification of the millipedes. 

  

10 m 10 m

10 m 10 m

5-15 m

stream

P

L

P

P

P P

P

L

L L

L

LL

L

L



76 
 

3.3.3  Environmental variables 

Vegetation  

All vegetation within the 200 m2 quadrat enclosed by the pitfall traps was measured using 

six vegetation strata: ground, understory, subcanopy, canopy, emergent, epiphyte and liane 

and percentage cover (<1%, 1-5%, 6-10%, 11-25%, 26-50%, 51-75% and 76-100%) was 

recorded (Watts and Larivière, 2004).  Canopy density was measured at the centre of the 

quadrat using a densiometer.  The diameter and species of the largest tree within the 

quadrat (excluding tree ferns) was recorded and  average percentage cover of dead wood (> 

1 cm diameter) within the study plot was also estimated. 

 

Litter variables 

One sample of leaf litter was collected from 20 cm x 20 cm quadrats in the vicinity of each of 

the pitfall traps at each tree plot in September-October 2008, giving an overall total of 9 

litter samples per tree plot (Figure 3.2).  Litter depth was measured for each sample prior to 

collection and mean litter weight and depth for the 9 samples was calculated.  The litter was 

oven dried for 24 hours at 70°C and weighed and sorted to species level, where possible, in 

order to determine the relative contribution of different plant species to the overall total 

quantity of leaf litter at each tree plot. 

 

Fragment variables 

The area (ha) of each fragment was calculated using the North Shore City Council’s GIS 

database, with fragment edge being determined as a clearly visible break in the canopy.  

Patch area may not adequately explain the effects of fragmentation on species abundance 

and richness because patches of equal area may vary significantly in the amount of area 

exposed to edges (Helzer and Jelinski, 1999).  Therefore the perimeter of each fragment was 

calculated using satellite imagery accessed through Google Earth.  Differences in fragment 

shape were measured using a shape index (SI), using the formula:  

   
 

         
 

where P is perimeter length (m) and TA is total fragment area (m2) (Patton, 1975).  The 

shape index is a standardised measure of the deviation of the shape of the fragment from 

circularity and varies from 1.0 for a perfect circle to infinity for increasingly complex shapes 
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(Didham and Ewers, 2012).  In fragmented landscapes, patches should also be viewed in the 

context of the surrounding matrix which may determine the degree of isolation of a patch 

(Andrén, 1994).  Fragment isolation (DISTANCE) was measured as distance to the edge of 

the nearest native forest fragment and was calculated for each reserve.   

 

Table 3.1. Environmental characteristics used as explanatory variables for differences in 
native and exotic millipede abundance and species richness in 20 native forest remnants 
across a suburban-rural gradient on the North Shore of Auckland city.  
 
Map 
ref. 

 
Size 

(log(m2)) 
AREA 

 
Shape 
Index 
SHAPE  

 
Isolation 
(log(km)) 
DISTANCE 

Canopy 
Density 

(%) 
CANDEN 

Tree 
Diameter 

(cm) 
DIAM 

Litter 
depth 
(cm) 

DEPTH 

Litter 
weight 

(g) 
LITTER 

Dead 
wood 
cover 

(%) 

         
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

3.77 
3.93 
4.18 
4.33 
4.40 
4.60 
4.79 
4.85 
4.94 
5.04 
5.19 
5.34 
5.38 
5.41 
5.48 
5.59 
5.68 
5.70 
5.79 
6.17 

 

1.92 
1.40 
1.93 
2.35 
2.14 
4.46 
1.91 
1.54 
3.03 
1.87 
2.54 
1.88 
1.68 
2.78 
3.51 
2.60 
2.72 
2.95 
2.70 
3.23 

0.37 
0.64 
0.05 
0.10 
0.37 
0.22 
0.56 
0.10 
0.08 
0.56 
0.08 
0.48 
0.56 
0.17 
0.22 
0.12 
0.37 
0.37 
0.08 
0.48 

26 
13 
10 
13 
8 

20 
10 
31 
30 
16 
25 
22 
11 
26 
10 
26 
10 
7 

17 
15 

24.6 
31.3 
43.9 
37.2 
29.4 
17.0 
102.5 
93.0 
61.3 
27.0 
34.8 
19.5 
21.7 
37.8 
40.2 
38.0 
44.3 
67.2 
32.8 
17.2 

1.88 
2.80 
2.30 
2.20 
1.40 
1.60 
1.20 
2.87 
2.60 
2.30 
2.37 
0.37 
4.70 
4.30 
3.12 
1.53 
2.00 
2.83 
1.20 
2.13 

119.6 
130.6 
197.3 
153.7 
101.6 
180.3 
137.4 
274.8 
219.6 
221.1 
223.8 

85.5 
176.6 
211.1 
190.5 

90.3 
120.3 
107.3 
128.9 
151.8 

 

5 
5 

15 
5 

15 
10 
15 
20 
15 
10 
15 

7 
10 

2 
15 
30 
10 
10 
30 

5 

 

3.3.4  Data analysis 

The millipede and isopod data obtained from pitfall trapping and Tullgren extraction of 

individuals from samples of litter and CWD were pooled, in order to compare native and 

exotic millipede and isopod assemblages at each site.  Incidence (%) of each species at each 

of the sampled reserves was also measured.  Incidence indicates how widespread the 

distribution of a species is within an area and is not necessarily correlated with abundance 

(Vilisics et al., 2012).   
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The data violated the assumptions of linearity, constant variance and normality so 

generalised linear models with binomial errors were used to determine the relationship 

between log transformed fragment size and the proportion of native millipede abundance 

and species richness to overall millipede abundance and richness (Crawley, 2007).  

Generalised linear models (GLM) using the logarithmic link function and assuming a poisson 

error distribution were used to determine the effects of environmental parameters and 

millipede and isopod species abundance (Table 3.1).  In cases of over-dispersion, a 

quasipoisson GLM was used (Zuur et al., 2009).  The model was developed by testing key 

environmental variables individually and incorporating those that were significantly 

correlated with millipede or isopod species abundance or richness into a complete model by 

stepwise backward selection of the minimal adequate model that resulted in the highest 

significant increase in deviance (Zuur et al., 2009).  Possible negative relationships between 

abundance and species richness of native and exotic millipedes were investigated using 

correlation analysis; as were relationships between isopod and native and exotic millipede 

abundance and species richness.  The correlation between species richness of native 

millipedes, as measured by the Shannon diversity index, and reserve size was tested using 

regression analysis.  Statistical analysis was undertaken using the vegan (Oksanen et al., 

2005) and BiodiversityR packages of the statistical software package R 2.12.2 (The R 

Foundation for Statistical Computing, 2011).    

 

The Principal components analysis (PCA) procedure in PRIMER v6 was used to quantify 

differences in litter species composition between the 20 cm2 litter samples collected from 

each tree plot (Clarke and Gorley, 2006).  The first four axes of the PCA were included with 

litter variables including litter weight (g) (LITTER) and depth (DEPTH), % cover of woody 

debris (WOOD) at the study plot; vegetation characteristics including diameter (DIAM) of 

the largest tree in the study plot and canopy density (CANDEN); and fragment variables 

(fragment size (AREA), isolation (DISTANCE) and shape (SHAPE) in the GLMs of millipede 

species abundance to investigate relationships between millipedes and litter characteristics.  

Fragment size (m2) and distance (km) to the nearest reserve were log transformed prior to 

the GLM analyses.  Prior to undertaking the GLM analyses, collinearity between fragment 

and litter and vegetation variables was determined using a correlation matrix and 

significance between pairs of variables was tested using Spearman’s rank order correlations.  
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Collinearity was generally low with a Spearman rank correlation coefficient (rs) of < 0.60 for 

all pairs.   

 

The distance-based linear model (DistLM) procedure in PRIMER 6 was performed to analyse 

the relationship between the abundance of millipedes and isopods and environmental traits 

including fragment size (AREA), fragment shape (SHAPE), distance to nearest similar habitat 

(DISTANCE), vegetation composition (PC1, PC2, PC3 and PC4), canopy density (CANDEN), 

diameter of largest tree in the study plot (DIAM), litter weight (LITTER) and depth (DEPTH), 

and percentage of woody debris in the study plot (WOOD) (Clarke and Gorley, 2006).  

DistLM is a routine for analysing and modelling the relationship between a multivariate data 

cloud, as described by a resemblance matrix, and one or more predictor variables and 

provides P-values for testing the null hypothesis of no relationship (Anderson et al., 2008).  

The results of the DistLM are a marginal test, where each variable is fitted individually and a 

sequential test, fitting each variable one at a time, conditional on the variables already 

included in the model (Anderson et al., 2008).  The approach implemented by DistLM is 

distance-based redundancy analysis (dbRDA) where the DistLM routine is used to perform 

the partitioning, test hypotheses and build models, while the dbRDA routine performs an 

ordination of fitted values from a given model (Anderson et al., 2008).   

 

Differences in community composition of isopods and millipedes across all reserves were 

depicted using cluster analysis on the abundance scores of different species.  The ‘similarity 

profile’ (SIMPROF) analysis in PRIMER 6 was used to test for evidence of genuine clusters in 

samples that were a priori unstructured (Clarke and Gorley, 2006).  Non-metric 

multidimensional scaling (n-mMDS) based on Bray-Curtis similarity indices overlaid by the 

groups defined by the SIMPROF test of the cluster analysis was used to depict the 

distribution of millipede and isopod species across the forest fragments.  All ordinations 

were run from 30 random restarts.  Stress values of less than 0.20 indicate that the n-mMDS 

plot is a good representation of the relationship between samples (Clarke and Warwick, 

2001). Statistical significance for all analyses was set at the 95% level. 
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3.4 Results 

3.4.1 Species richness and abundance 

Millipedes  

A total of 2,073 millipede individuals from seven native millipede species/families and four 

exotic species were collected during this study; 139 individuals by pitfall trapping, 235 in 

litter samples; and 1699 were extracted from dead wood.  Total abundance of native 

millipedes from the three sampling methods was 1,156, and a total of 917 exotic millipedes 

were collected during the course of the study (Figure 3.3(a)).  

 

(a) 

 

(b)

Figure 3.3. Pooled abundance (log-transformed) (a) and species richness (b) of native (black bars) 
and exotic (grey bars) millipedes collected by pitfall trapping and Tullgren extraction from litter and 
dead wood samples from 20 native forest reserve fragments (log-transformed area). 
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There was no evidence of a significant decline in the number of native millipede species 

with decreasing reserve size (GLM, χ2 1,18= 1.55, P = 0.21) and the Shannon diversity index 

did not vary significantly with reserve size for native millipedes (R2 = 0.13, F 1,18 = 2.79, P = 

0.11).  The proportion of native millipede species to overall millipede species richness was, 

however, positively correlated with increasing reserve size (GLM, χ2 1,18 = 4.51, P = 0.034).  

Exotic species richness was not associated with a decline in richness of the native fauna (R2 = 

0.04, F 1,18 = 0.77, P = 0.39) (Figure 3.4(b)). 

 

There was no significant decline in overall abundance of native millipedes with decreasing 

fragment size (GLM, F1,18 = 0.40, P = 0.53) and no evidence of a negative relationship 

between exotic millipede abundance and the abundance of native millipedes (R2 = 0.01, F1,18 

= 0.24, P = 0.63).  However, the proportion of native millipede abundance to overall 

abundance of millipedes showed a positive relationship with fragment size (ha) (GLM, χ2 = 

41.15, P < 0.001) (Figure 3.4(a)). 

 

 
Figure 3.4. Relationship between proportion of (a) native millipede abundance to total 

abundance; and (b) native millipede species richness to total millipede species richness, to 

log-transformed reserve area (m2) using generalised linear models (GLM). 

 

Isopods 

A total of 7,867 isopods were collected during the course of the study, comprising three 

species, all of which were native.  Philoscia pubescens and Spherillo sp. were the most 
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abundant species with 3,189 and 3,208 individuals respectively across all sites, compared to 

Merulana sp. with 1470 individuals in total (Figure 3.5).  Some fragments were characterised 

by high aggregations of isopods but this pattern of abundance was not related to only one 

of the isopod species, and the relative proportion of each species to total isopod abundance 

did not show a significant relationship with fragment size, i.e. P. pubescens (GLM, χ2 1,18 = 

0.13, P = 0.14), Merulana sp. (GLM, χ2 1,18 = 0.03, P = 0.40) and Spherillo sp. (GLM, χ2 1,18 = 

0.04, P = 0.36) (Figure 3.5). 

 
 
Figure 3.5. Pooled abundance of native isopods, Philoscia pubescens, Merulana sp. and 
Spherillo sp. across 20 native forest fragments, collected by pitfall trapping and Tullgren  
extraction from litter and dead wood samples. 
 
 

There was no evidence of a positive correlation between log transformed total isopod and 

total millipede abundance (R2 = 0.04, F 1,18 = 0.74, P = 0.40) or between log transformed 

total isopod and native millipede abundance (R2 = 0.02, F 1,18 = 0.44, P = 0.51).  There was 

however, a weakly positive correlation between log transformed exotic millipede 

abundance and isopod abundance (R2 = 0.16, F 1,18 = 3.45, P = 0.08). 

 
 
3.4.2 Influence of litter variables on species abundance 
 

Litter composition 

The principal components analysis (PCA) of tree species composition of the nine litter 

samples at each study plot revealed that the first four axes accounted for over 66% of the 
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variation between samples.  The first axis (PC1) accounted for 19% of variation and the 

eigenvectors on the ordination plot reveal the positive association of this axis with mahoe 

(0.27), puriri (0.32), karaka (0.48) and kahikatea (0.38) litters (Figure 3.6).  PC2 accounted for 

18.6% of variation and the eigenvectors were positively associated with taraire (0.46) and 

supplejack (0.33) (Figure 3.6).  PC3 contributed 15.8% and was associated with mahoe 

(0.51), whereas PC4 which contributed 13.2% to total variation and had a positive 

relationship with karaka (0.25), rewarewa (0.20), and the podocarps, totara (0.58) and rimu 

(0.50) (Figure 3.6).   

 

 
 

 
Figure 3.6. Three-dimensional ordination plot displaying 3 axes derived from principal 
components analysis (PCA) of plant species composition of 20 cm2 litter samples collected 
from study plots at 20 forest fragments numbered from 1 to 20 in ascending order of size.  
The correlation of different litters with the PC1, PC2 and PC3 are shown in blue type and the 
length of the eigenvectors depicts the strength of the association.   
 

The first four PCA axes as an indication of litter composition together with other litter 

variables (weight and depth), fragment characteristics (size, shape and isolation), and 

vegetation variables (canopy density and tree diameter) summarized in Table 3.1 were used 

in the GLM models of millipede and isopod species abundance. 
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Millipede and isopod species abundance models 

The four exotic species collected included three European julids, Cylindroiulus britannicus, 

Ophyiulus pilosus and Blaniulus guttulatus (at only one fragment) and one polydesmid 

species, Oxidus gracilis, of Asian origin.  Fragment size, litter weight and PC3 were significant 

explanatory factors in the model for C. britannicus (GLM, F3,16 = 9.56, P = 0.001) explaining 

64% of total deviance (Table 3.2).  Abundance of this species was positively correlated with 

litter weight and litter composition (PC3), but negatively correlated with increasing 

fragment reserve size and dead wood cover at the study plot (Table  3.2).-The model for O. 

pilosus incorporated litter composition (PC1) and fragment size (GLM, F2,17 = 9.17, P < 0.01) 

which together explained 55% of deviance.  Abundance of O. pilosus was positively 

associated with PC1, but showed a negative correlation with increasing fragment size (Table 

3.2).  The model of abundance of O gracilis incorporated fragment size, canopy density and 

PC2 (GLM, F3,16 = 11.91, P < 0.001) which explained 77% of deviance (Table 3.2).  Abundance 

of O. gracilis increased significantly with decreasing fragment size, lower canopy density and 

PC2 (Table 3.2).     

 

The influence of fragment characteristics and vegetation and litter variables on the 

abundance of native millipede species varied (Table 3.2).  Litter weight was a key factor in 

models for Icosidesmus sp., S. antipodarus, Dalodesmidae and Habrodesmidae where, with 

the exception of Habrodesmidae, abundance increased with increased litter weight (Table 

3.2).  The model for Icosidesmus sp. included reserve size as well as litter weight which 

together explained ~ 41% of deviance (GLM, F2,17 = 4.61, P = 0.025) (Table 3.2).  Litter 

composition (PC1), litter weight and fragment shape were significant factors in the model 

for S. antipodarus, explaining ~ 69% of total deviance (GLM, F3,16 = 12.06, P = 0.0002) (Table 

3.2).  Abundance of this species displayed a negative relationship with PC1, but a positive 

relationship with increasing litter weight and higher values of the Patton shape index.  Litter 

weight, tree diameter and fragment shape were significant factors in the model for 

Dalodesmidae (GLM, F2,16 = 4.54, P = 0.017) (Table 3.2) which were generally more abundant 

with increasing litter weight, but were negatively correlated with increasing tree diameter 

and fragment shape .  In the case of Habrodesmidae litter weight and depth were significant 

explanatory variables (GLM, F2,17 = 11.8, P = 0.003), where abundance was higher with 

increasing depth of litter but not weight (Table 3.2).  Key parameters in the model for 

(2) 

H
e
ig

h
t 
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Schedotrigona sp. included canopy density and diameter of the largest tree in the plot (GLM, 

F2,17 = 7.08, P = 0.006) (Table 3.2).  However, while abundance was positively correlated with 

increased canopy density, there was a negative relationship with diameter, indicating that 

Schedotrigona was more abundant in study plots containing smaller diameter trees (Table 

3.2).  Abundance of Siphonethus sp.,  the most abundant native genus in the collection, was 

not strongly related to any of the variables tested in this study, and the model explaining the 

highest percentage of deviance included diameter of the largest tree in the study plot and 

PC4 (GLM, F2,17 = 2.41, P = 0.12) (Table 3.2).  

 

The GLM models for the abundance of the three native isopod species were all strongly 

significant (P < 0.001) (Table 3.3).  Litter composition (PC1) was a significant explanatory 

factor in the models of abundance for all three species (Table 3.3).  Diameter of the largest 

tree in the study plot (DIAM), litter depth (DEPTH) and litter composition (PC1) explained 

over 70% of deviance for P. pubescens (GLM, F 3,16 = 8.74, P < 0.001) (Figure 3.3).  The model 

for Spherillo sp. included litter composition (PC1), canopy density and diameter of the 

largest tree in the study plot which together explained over 90% of deviance (GLM, F 3,16 = 

17.9, P < 0.0001) (Table 3.3).  Fragment size and isolation (DISTANCE), and litter composition 

(PC1) explained ~ 70% of the deviance of the model for Merulana sp. (GLM, F 2,16 = 5.13, P < 

0.011) (Table 3.3), with a positive relationship with increasing values of all three variables. 
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Table 3.2. Relationship between environmental variables and the abundance of exotic and native 
millipede species in generalized linear models (GLM).  Change of deviance was tested using F 
statistics and significant (P < 0.05) effects are highlighted in bold.  Key explanatory variables included 
fragment size (AREA) and shape (SHAPE), distance (DISTANCE) from the next closest native forest 
site, canopy density (CANDEN), litter depth (DEPTH), litter weight (WEIGHT) and species composition  
(PC1, PC2, PC3 and PC4), and diameter (DIAM) of largest tree in the study plot.

 
 

Term(s) included D.f. Deviance Residual Residual F P Explained

in model D.f. deviance deviance (%)

Exotic millipedes

Cylindroiulus britannicus

Null model 19 1265.5

PC3 1 403.6 18 861.9 14.31 0.002 31.9

LITTER 1 217.6 17 644.3 7.72 0.013 17.2

AREA 1 187.4 16 456.9 6.64 0.020 14.8

Ophyiulus pilosus

Null model 19 324.8

PC1 1 141.20 18 183.6 14.48 0.0014 43.5

AREA 1 37.60 17 146.0 3.85 0.066 11.6

Oxidus gracilis

Null model 19 430.8

AREA 1 197.3 18 233.5 21.23 0.0003 45.8

PC2 1 91.4 17 142.0 9.84 0.006 21.2

CANDEN 1 43.2 16 98.8 4.65 0.05 10.0

Native millipedes

Siphonethus  sp.

Null model 19 355.7

DIAM 1 27.8 18 327.9 1.68 0.210 7.8

PC4 1 51.9 17 276.1 3.14 0.090 14.6

Icosidesmus  sp. 19 416.7

AREA 1 95.0 18 321.7 5.13 0.037 22.8

LITTER 1 75.7 17 245.9 4.09 0.059 18.2

Schedotrigona  sp.

Null model 19 79.3

DIAM 1 27.3 18 52.1 11.60 0.003 34.4

CANDEN 1 5.9 17 46.1 2.53 0.13 7.4

Spirobolellus antipodarus

Null model 19 129.12

PC1 1 21.2 18 107.9 8.55 0.01 16.4

LITTER 1 25.4 17 82.6 10.23 0.01 19.7

SHAPE 1 43.1 16 39.5 17.40 0.001 33.4

Dalodesmidae

Null model 19 161.6

LITTER 1 36.4 18 125.2 4.72 0.023 22.5

DIAM 1 20.5 17 104.7 5.60 0.080 12.7

SHAPE 1 21.9 16 82.8 3.79 0.070 13.6

Habrodesmidae

Null model 19 24.4

DEPTH 1 8.8 18 15.6 12.20 0.003 36.1

LITTER 1 3.0 17 12.6 4.20 0.056 12.3
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Table 3.3. Relationship between explanatory environmental variables and abundance of the 
native isopods, P. pubescens, Merulana sp. and Spherillo sp. in generalized linear models 
(GLM).  Change of deviance was tested using F statistics and significant (P < 0.05) effects are 
highlighted in bold.  Key explanatory variables included diameter of the largest tree in the 
study plot (DIAM), canopy density (CANDEN), litter composition (PC1), litter depth (DEPTH) 
and fragment size (AREA). 

 
 
 
The DISTLM analysis revealed a significant (P < 0.05) relationship between millipede and 

isopod species with fragment size in both the marginal and sequential tests (Table 3.4).  

Tree size (DIAM) and litter composition (PC1) were significant or weakly significant in both 

tests, while litter quantity was significant in the sequential test only (Table 3.4).  The fitted 

model with the lowest AIC value (144) included the four variables tree diameter, litter 

composition (PC1), litter weight and fragment size (AREA) (Figure 3.7).  The first axis of the 

distance based redundancy analysis (dbRDA) explained over 54% of the variation of the 

fitted model (Figure 3.7(a)).  Positive correlations with RDA1 were shown by PC1 (0.32), tree 

diameter (DIAM) (0.23) and litter weight (LITTER) (0.10), whereas there was a negative 

relationship displayed by fragment size (AREA) (-0.31) (Figure 3.7(a)).  Tree diameter and 

fragment size displayed a positive relationship with RDA2 at 0.20 and 0.13 respectively 

(Figure 3.7(a)).  

 

Term(s) included D.f. Deviance Residual Residual F P Explained

in model D.f. deviance deviance (%)

Philoscia pubescens

Null model 19 7440.6

DIAM 1 3530.5 18 3910.1 17.59 <0.0001 47.5

DEPTH 1 753.3 17 3156.8 3.75 0.071 10.1

PC1 1 976.7 16 2180.2 4.87 <0.05 13.1

Merulana sp.

Null model 19 5113.4

PC1 1 1170.1 18 3943.3 5.88 0.027 22.9

AREA 1 943.1 17 3000.2 4.74 0.045 18.4

DISTANCE 1 950.4 16 2049.8 4.77 0.044 18.6
 

Spherillo  sp.

Null model 19 13472.0

PC1 1 2588.5 18 10883.5 11.48 <0.01 19.2

CANDEN 1 1848.8 17 9034.7 8.20 <0.01 13.7

DIAM 1 7726.9 16 1307.9 34.28 <0.001 57.3
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Table  3.4. Results of distance-linear models (DISTLM) on the relationship between fragment 
and litter and vegetation variables and total millipede and isopod species abundance.  
Marginal tests examined each single predictor variable separately, while sequential tests 
took into account the effect of the remaining predictors.  Significant P-values are highlighted 
in bold type. 

 
 
The three isopod species displayed positive correlations with both RDA1 and RDA2 (Figure 

3.7(b)).  The four exotic millipedes were all positively correlated with RDA1 but negatively 

correlated with RDA2 (Figure 3.7(b)).  All the native millipede species displayed a negative 

correlation with both RDA1 and RDA2, with the exception of Dalodesmidae which had weak 

(0.11) positive correlation with RDA1 (Figure 3.7(b)).    

Variables Marginal Tests Sequential tests 
 Pseudo-F P-value Pseudo-F P-value 

Fragment size (AREA) 2.77 0.01 2.77 0.02 
Diameter of largest tree (DIAM) 2.17 0.06 2.36 0.04 
Litter composition (PC1) 2.36 0.04 2.07 0.07 
Litter weight (LITTER) 1.49 0.16 2.11 0.05 
Litter depth (DEPTH) 0.49 0.85 1.51 0.16 
Dead wood cover (WOOD) 0.40 0.91 1.05 0.39 
Fragment shape (SHAPE) 1.06 0.36 0.94 0.47 
Canopy density (CANDEN) 0.56 0.77 0.78 0.58 
Isolation (DISTANCE 0.48 0.86 0.17 0.98 
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Figure 3.7. Distance based redundancy analysis (dbRDA) of millipede and isopod species abundance 
showing explanatory variables (a) and species correlations (b).  Forest fragments are depicted in 
ascending order of size from 1 to 20.  Explanatory variables include fragment size (AREA), diameter 
(DIAM) of the largest tree in the study plot, litter composition (PC1) and litter weight (LITTER).  
Species correlations for isopods are displayed in green text, native millipedes (blue) and exotic 
millipedes (red).  
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3.4.3  Species incidence 

The exotic julid C. britannicus was the most abundant (28.0 % of total) millipede species 

across all reserves (Table 3.5) and incidence, which indicates the regularity with which a 

species occurs, was also quite high for C. britannicus at 35% (Figure 3.8).  The native genus 

Siphonethus sp. was also quite abundant (24.4% of total), but the next most abundant 

species, the native Icosidesmus sp. was only 9.6% of the overall abundance (Table 3.5).  

Siphonethus sp. was widely distributed across all the studied fragments with 90% incidence, 

but while reasonably abundant, incidence of Icosidesmus sp. was lower at 65% (Figure 3.8). 

 
Table 3.5.  Percentage (%) contribution to total abundance of exotic (E) and native (N) 
millipede and isopod taxa and species collected by pitfall trapping and berlese extraction 
from samples of leaf litter and coarse woody debris (CWD) from native forest fragments on 
the North Shore of Auckland city, and % contribution to abundance from different sampling 
methods. 

 

 

Two introduced species, O. pilosus and O. gracilis, were ranked fourth and fifth respectively, 

in abundance (Table 3.5), although incidence of O. pilosus was higher at 70% compared to 

50% for O. gracilis (Figure 3.8). The most widely distributed millipedes were the native 

genera Schedotrigona sp. and S. antipodarus with 95% incidence (Figure 3.8).  The 

proportion of each millipede species to the overall total collected by each sampling method 

was similar with the exception of C. britannicus, O. gracilis and S. antipodarus (Table 3.5).  

% Total % abundance 

Species/Family Origin abundance pitfall litter  wood

Millipedes

Cylindroiulus britannicus (Julidae) E 28.0 5.5 14.5 26.6

Siphonethus  sp. (Polyzoniidae) N 24.4 25.4 20.9 20.5

Icosidesmus  sp. (Dalodesmidae) N 9.6 10.6 12.1 11.2

Ophyiulus pilosus (Newport, 1942) (Julidae) E 8.9 12.0 10.5 7.0

Oxidus gracilis (Koch 1847) (Paradoxosomatidae) E 8.8 21.8 13.0 12.9

Schedotrigona  sp. (Schedotrigonidae) N 8.6 8.9 12.1 6.9

Spirobolellus antipodarus (Newport, 1844) (Spirobolellidae) N 7.6 4.2 3.3 7.2

Blaniulus guttulatus ( Blaniulidae) E 1.4 2.0 7.6 2.2

Dalodesmidae (new genus) N 1.3 4.6 3.3 3.9

Siphonophora  sp. (Siphonophoridae) N 0.8 4.9 1.4 0.1

Habrodesmidae N 0.6 0.2 1.3 1.6

Isopods

Philoscia pubescens (Oniscidae) N 40.5 34.0 38.4 53.1

Merulana  sp. (Oniscidae) N 18.7 22.5 16.2 5.3

Spherillo  sp. (Oniscidae) N 40.8 43.2 45.4 41.6
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Cylindroiulus britannicus formed a much higher proportion of the overall total of millipedes 

collected in samples of CWD (27%) and litter (14%) compared to pitfall traps (6%), while O. 

gracilis formed a higher percentage (22%) of the collection from pitfall trapping (Table 3.5).  

Spirobolellus antipodarus formed a higher percentage of the collection from the samples of 

CWD compared to pitfall traps and litter samples (Table 3.5).  

 

 

Figure 3.8.  Mean log transformed species abundance with standard error bars and % 
incidence (black squares) of exotic (dark grey bars) and native millipedes and isopods (pale 
grey bars) at 20 forest fragments.  The four exotic millipede species (C. britannicus, O. 
pilosus, O. gracilis and B. guttulatus) are shown on the left side of the X-axis and the three 
native isopod species are at the far right of X-axis.   
 

Two of the three isopod species, P. pubescens and Spherillo sp. were equally abundant, 

representing over 40% each of total isopod abundance (Table 3.5).  The mean number of 

individuals per reserve was similar for both species (Figure 3.8), but the range was wider for 

Spherillo (0 to 2546 individuals) compared P. pubescens (1 to 1394 individuals).  The wide 

distribution of all isopods species throughout the studied reserves meant that incidence was 

very high for all three species (Figure 3.8).  More individuals of all three species were 
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collected by pitfall trapping compared to berlese extraction of isopods from dead wood and 

litter samples (Table 3.5).  Pitfall trapping collected 77.8% of Philoscia pubescens specimens, 

and 97.3% and 83% of Merulana sp. and Spherillo sp. respectively.   

 

3.4.4  Community composition 

The species assemblages of millipedes and isopods were compared along the continuum of 

different sized reserves using cluster analysis which identified two main groups of reserve 

sites (A and B) (Figure 3.9).  The similiarity profile (SIMPROF) test indicated that there was 

evidence of genuine clusters in the samples (SIMPROF, pi = 3.937, P = 0.01) (Figure 3.8 (1)).  

 

The five group A sites were characterised by relatively higher abundance of all the isopod 

species than the group B sites (Figure 3.9).  Site 7 was distinctive within the group A sites for 

its very high abundance of all three isopod species.  Isopod abundance at sites 4, 5 8 and 20 

was lower than 7, but still higher than any of the group A sites (Figure 3.9).  Four of the five 

group A sites were relatively small forest fragments (size range 2.16 to 7.10 ha), while site 

20 was the largest site in the study at ~ 148 ha.  There was substantially lower abundance of 

native isopods in reserve fragments in group B.   

 

The fifteen group B sites depict clustering of millipede species across the reserve fragments.  

Within the group B sites, two large subgroups are apparent, where similarity was around 

40% within each group.  The first subgroup included small sites (2, 3, 6, 9, 10) which were 

distinguished by the higher abundance of exotic millipedes (C. britannicus, O. pilosus and O. 

gracilis) compared to the other sites in the group B cluster (Figure 3.9).  Exotic millipedes 

were also present in the group A sites, with O. pilosus and C. britannicus present in all five 

group A sites, while O. gracilis was sampled at three sites in this group (4, 5, 8) (Figure 3.9). 

 

The other large subgroup within the group B cluster (11, 12, 14, 15, 16 and 19) were 

distinctive because of the lower abundance of exotic millipedes and the dominance of the 

native millipede fauna at these sites (Figure 3.9).  All fragments within this grouping were of 

larger size (> 11 ha) and the majority of the study plots were characterised by canopy tree 
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species including rewarewa (K. excelsa), totara (Podocarpus totara), taraire (B. tarairi) and 

tanekaha (P. trichomanoides). 

  

 

 

Figure 3.9. Cluster dendrogram (1) based on group average linkage and Bray Curtis similarity of 
millipede and isopod species abundance scores at 20 native forest fragments, numbered in 
ascending order of size (ha) from 1 to 20.  The similarity profile (SIMPROF) test revealed 2 groups (A 
and B) identified by the black lines on the dendrogram, with red coloured branches indicating that 
there is no significant substructure within these groups.  The MDS plot (2) is overlaid with the group 
structure from the SIMPROF analysis, i.e. group A (blue triangles) and B (green triangles).  The green 
line indicates similarity of 20% between the two groups, and within group similarity is shown by 
dashed lines at 40% (dark blue), 60% (pale blue) and 80% (red).  
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3.5 Discussion 

A key finding of this study was the presence of exotic millipedes and lack of exotic isopods in 

native forest fragments; exotic millipedes were present in 16 out of 20 fragments, whereas 

no exotic isopods were found. Exotic species formed a dominant component of millipede 

communities in small fragments (< 11 ha) and fragment size (ha) significantly influenced the 

abundance of the three most abundant exotic millipede species (O. pilosus, O. gracilis and C. 

britannicus), with the abundance of all millipede species increasing as fragment size 

decreased.  Litter composition defined by the PCA axes also significantly influenced the 

abundance of exotic millipede species, but the significance of the different axes varied 

according to species.  The results highlight the importance of habitat fragmentation in 

facilitating the establishment of certain exotic millipede species in native forest ecosystems.  

Furthermore the significance of litter composition in the abundance models of exotic 

millipedes indicates that vegetation composition of a fragment may influence the degree to 

which it is invaded by exotic millipedes. 

 

The contribution of native millipedes to total millipede species richness and abundance 

displayed a significant positive correlation with increasing reserve size.  However, an 

unexpected finding was that the high abundance of exotic millipedes in small fragments was 

not associated with a significant decline in native millipede species richness or abundance in 

these fragments.  Our results suggest that exotic millipedes supplemented the native 

millipede fauna in small forest fragments, with little evidence of actual displacement of the 

native species by introduced species.  A different pattern was displayed by isopods, where 

all three species in this study were native and did not reveal strong patterns of distribution 

relating to reserve size or isolation.  Instead the abundance of all three isopod species was 

consistently influenced by litter species composition (PC1), with some puriri tree plots  

characterised by high abundance of all three species.   

 

The high abundance of exotic millipedes in small forest fragments supported our hypothesis 

that colonisation of native habitats by exotic millipedes would be facilitated by forest 

fragmentation.  Fragment isolation was not a significant explanatory factor in the models of 

abundance of exotic species, which is probably not surprising as millipedes have limited 
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powers of dispersal and are likely to establish in a new area as a result of unintentional 

transport by humans in plant and soil material (Hopkin and Read, 1992).  Our results are 

consistent with other research where millipede assemblages in forest fragments and urban 

locations have been found to include cosmopolitan, introduced species (Korsós et al., 2002; 

Vilisics et al., 2012).    The dominant exotic species in our study included the European julids, 

O. pilosus, C. britannicus and B. guttulatus and the cosmopolitan Asian paradoxosomatid 

species Oxidus gracilis.  The European julids have been widely distributed throughout 

temperate regions including North America, South Africa, Australia (Hopkin and Read, 1992) 

and New Zealand (Dawson, 1958; Johns, 1962; Johns, 1967).  C. britannicus was the most 

abundant species in our study and together with O. pilosus was a dominant component of 

the millipede communities in small fragments.  Both species are widespread throughout the 

country (Peter Johns, Canterbury Museum, pers. comm., 2008), for instance, Ophyiulus 

pilosus comprised over 15% of total invertebrate abundance in pasture and beneath 

Coprosma propinqua and Olearia bullata shrubs in an invertebrate survey in Otago (Derraik 

et al., 2005).  Invasion of disturbed bushland by Ophyiulus pilosus and Cylindroiulus sp. has 

also been recorded in Tasmania (Mesibov, 2000; Taylor et al., 1997). 

 

An important result was the influence of litter composition as defined by the PCA axes on 

the distribution of the three native isopods and the exotic millipedes.  The isopods displayed 

a positive association with PC1.  However, exotic millipede relationships with PCA axes 

varied according to species, with O. pilosus correlated with PC1, C. britannicus with PC3 and 

O. gracilis with PC2.  This finding is consistent with other studies which have revealed 

millipedes may display strong preferences for certain litters (Loranger-Merciris et al., 2008; 

Warren and Zou, 2002).  Previous studies on millipedes have highlighted the partitioning of 

litter resources between species.  For example, different species of julid millipedes in the 

Austrian Tyrol displayed differences in relative abundance in subalpine meadows lichen 

heathlands and Alnus viridis sites (Meyer, 1985).  Similarly, a study of seven millipede 

species in maple-oak forests in Illinois, USA, revealed niche partitioning of microhabitats 

between species, with the result that each species occupied one habitat, thereby reducing 

inter-specific competition for resources (O'Neill, 1967).  Previous studies on isopods have 

also revealed differences in habitat and litter utilisation between species (Rushton and 

Hassall, 1983; Tuck and Hassall, 2004; Zimmer and Topp, 2000).  Studies on the association 
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of invasive detritivores with litter quality are rare but an invertebrate survey in the Canary 

Islands found a strong correlation between distribution patterns of invasive isopods and 

millipedes with tree species identity, with higher abundance collected in pitfall traps 

beneath laurel (Laurus novocanariensis) and other broadleaf trees (Arndt and Perner, 2008).   

 

Overall abundance and diversity of native millipede species was similar across the range of 

forest fragments examined in this study, and there was no support for the hypothesis that 

abundance and species richness of native millipedes would decline with decreasing 

fragment size.  However, the proportion of native millipedes to overall millipede abundance 

and species richness displayed a significant increase with increasing reserve size as the 

number and abundance of exotic millipedes declined in large fragments.  The influence of 

environmental factors on the abundance of individual native millipede genera and species 

varied.  Fragment size was a significant explanatory factor in the model of only one native 

genus, Icosidesmus sp., which had lower abundance in small reserves.  Diameter of the 

largest tree in the study plot, was a significant variable in the models S. antipodarus and 

Schedotrigona sp. but whereas S. antipodarus had greater abundance in study plots with 

large trees, Schedotrigona sp. was commonly found in plots with smaller diameter trees.  

Furthermore, the higher abundance of Schedotrigona sp. in plots with low canopy density 

suggests that this species may tolerate the generally higher light levels beneath small 

compared to large trees.  Litter quantity was a significant variable in the models for five of 

the six native species investigated in this study while litter composition (PC1) was a 

significant factor in the model for abundance of S. antipodarus which showed a negative 

relationship with PC1.     

  

The impact of forest fragmentation on invertebrate communities may vary according to the 

degree of specialisation by different species, where species that are closely linked to a 

particular habitat type may be more susceptible to forest fragmentation than generalist 

species (Didham et al., 1996).  In terms of invasive species, the “Invader Species Hypothesis 

(ISH)” has emerged from urban studies which states that species richness in disturbed 

habitats should be low in stenotopic specialists and higher in eurytopic and introduced 

species (Korsós et al., 2002; Vilisics et al., 2007; Vilisics and Hornung, 2009).  The finding that 
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exotic millipedes were a dominant component of the millipede fauna in small forest 

fragments is consistent with this hypothesis.    

 

The lack of knowledge of the ecology and life history traits of native millipede species makes 

it difficult to evaluate whether the native species present in the small fragments were in fact 

habitat generalists.   In our study, the native millipedes Siphonethus sp., Schedotrigona sp. 

and S. antipodarus were widely distributed throughout the study sites, suggesting that they 

were able to tolerate a range of habitats.  This characteristic has been observed with respect 

to Siphonethus sp. which is common in Radiata pine plantations (Peter Johns, Canterbury 

Museum, pers. comm. 2008).  In contrast, Icosidesmus sp. had a lower incidence in this 

study compared to the survey of millipede assemblages in continuous tracts of native forest 

in the Waitakere Ranges where it was the most abundant native species (Chapter 2).  While 

other factors may account for the lower incidence in this study, the low abundance of this 

species in small fragments suggests that it may be more sensitive to disturbance.  These 

results are similar to other surveys of millipedes in disturbed and fragmented landscapes.  A 

survey of spirostreptid (Spirostreptida) millipedes in urban and peri-urban habitats in 

Zimbabwe found a shift in species dominance between rural and peri-urban areas 

suggesting that some species were more adaptable and less sensitive to disturbance 

(Mwabvu, 2006).  While total millipede abundance was similar in Eucalyptus fragments in 

south-eastern Australia, there were changes in relative species abundances in different 

sized fragments (Baker, 1998).  A Tasmanian survey of soil fauna in an urban bush fragment 

revealed the dominance of introduced invertebrates, with only a few resilient native species 

persisting in this habitat (Taylor et al., 1997).  In Queensland  habitat fragmentation and 

land clearance had a deleterious impact on the abundance and richness of native 

paradoxosomatid millipede populations (Mesibov, 2008).   

 

Litter composition (PC1) was a significant explanatory factor driving isopod abundance 

throughout the reserve fragments.  Fragment size and isolation were significant variables in 

the model for Merulana sp. which showed higher abundance with increasing fragment size 

and isolation.  Higher abundance in larger diameter trees was a significant explanatory 

variable for P. pubescens and Spherillo sp. and may indicate persistence of these species in 

plots containing large trees despite the reduction of habitat arising from forest 
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fragmentation.  Isopod species richness at only three species seems low, but is not dissimilar 

to the results of a study by Scott (1984) where four native and one exotic (Armadillidium 

vulgare) species were found across a number of natural and disturbed sites in the Auckland 

Region (Scott, 1984).  

 

A surprising finding was that the isopod species were all native.  Exotic isopods have been 

found in other New Zealand studies, including Porcellio scaber which was a dominant 

member of the detritivore community in modified native shrublands in Otago  (Derraik et 

al., 2001; Derraik et al., 2005) and Armadillidum vulgare in bush fragments in Auckland 

(Scott, 1984).  Our study did not sample isopods along an edge to centre continuum and it is 

possible that exotic species were present at edge of the fragments but had not penetrated 

the interior.  The native isopods collected in this study would all seem to be disturbance 

tolerant species, with the ability to tolerate a range of environmental conditions, and 

respond to the favourable conditions by increased abundance.  Philoscia pubescens was the 

most abundant and had the highest incidence of the three isopod species sampled.  New 

Zealand studies on terrestrial isopods are very limited.  However, a comparison of isopod 

assemblages at sites at different stages of manuka (Leptospermum scoparium) succession 

revealed that P. pubescens was often the dominant species in open stands, where leaf litter 

tended to be drier, whereas mixed species assemblages, with no consistently dominant 

species tended to occur in denser stands with higher levels of soil moisture (Scott, 1984).  

Laboratory experiments showed that P. pubescens was the most resistant native isopod 

species to water losses by transpiration and hence more likely to survive as leaf litter dried 

out (Scott, 1966).  The tolerance of P. pubescens to drier and more disturbed habitats was 

further emphasised by its presence on Rangitoto Island (with the exotic species 

Armadillidium vulgare) where there was sparse litter and humus (Scott, 1966; Scott, 1984). 

 

The results were consistent with other studies in which forest fragmentation was not 

associated with a decline in species richness of isopods.  Density and diversity of isopods in 

forest fragments in the Czech Republic were highest in the smallest woodland fragments 

(Tajovský et al., 2012), and isopod diversity and abundance showed no significant 

differences between forest fragments in urban-suburban-rural areas in Hungary (Hornung et 

al., 2007).  The pattern of large isopod aggregations at certain sites in this study has also 
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been highlighted in other studies where the heterogeneous distribution and occasional large 

aggregations of isopods were related to soil qualities such as litter mass and soil organic 

matter content  (Gongalsky et al., 2005).  The environmental factors influencing large 

aggregations of the isopod species in this study could not be determined and warrant 

further investigation.  While there was no evidence of a negative relationship between 

isopod abundance and abundance and richness of native millipedes, the impact of high 

isopod populations on the abundance and species richness of other native litter fauna at 

these sites also warrants further study.  There has been limited research on isopod 

communities in New Zealand ecosystems and elucidation of the patterns driving species 

distributions and abundance require comparative studies in forest fragments in agricultural 

and urban landscapes as well as continuous tracts of native forest.     

 

Study plots in large fragments were expected to display higher diversity of native millipedes 

and isopods than small suburban fragments and the lack of a significant species-area 

relationship (SAR) as a driver of native millipede or isopod diversity and abundance was 

surprising.  Species-area relationships are widely studied ecological phenomena and 

encapsulate the general concept that larger areas or islands will contain more species than 

smaller ones  (MacArthur and Wilson, 1967; Rosenzweig, 1995) and there is strong evidence 

for the generality of this pattern (Báldi, 2008).  The finding that species richness of native 

millipedes was not significantly higher in study plots in larger forest fragments in this study 

is consistent with some other invertebrate studies.  Anthropogenic habitats in Hungary had 

higher species richness than forest habitats possibly because urban environments provided 

more diverse microhabitats than a climax forest community (Korsós, 1990).  Similarly the 

size and shape of natural areas were not important in explaining variations in overall ant 

species richness and abundance in a Californian study, with many of the smaller areas 

harbouring ant populations as diverse as larger areas (Clarke et al., 2008).  In a Hungarian 

study there was no significant relationship between reserve size and species richness of 

arthropods, but the density of soil fauna, including millipedes, showed a positive 

relationship with habitat heterogeneity (Baldi, 2008).  Notwithstanding the similarity of 

richness and abundance patterns of millipedes and isopods in this study with other work in 

anthropogenic habitats, it is important to note that sampling was conducted at only one 

study plot in each fragment.  This may not have provided a representative collection of the 
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fauna, and large fragments in particular, are likely to have been under-sampled.  Further 

investigation on the relationships between fragment size and species richness and 

abundance of including millipedes and isopods would require more extensive sampling 

across a greater range of habitats at each fragment.  For example, the species of broadleaf 

tree used in the sampling regime was not standardised across all study sites.  However, the 

significance of species composition of the leaf litter as an explanatory variable for some 

millipede species and all the isopod species in the collection indicates that further studies 

should be undertaken comparing millipede and species assemblages between different tree 

species across a size gradient of forest fragments.   

 

There were changes in the relative abundance of different millipede species in the 

collections from the three trapping methods used in this study.  This was quite substantial in 

the case of C. britannicus which formed a much higher percentage of total millipede 

abundance in the CWD samples than in the pitfall traps and litter samples.  Cylindroiulus sp. 

are known to require dead wood for reproduction (Blower, 1985), which would account for 

its higher presence in CWD samples.  Oxidus gracilis also formed a higher percentage of 

overall millipede abundance in CWD samples than in the other trapping methods.  These 

results highlight the importance of incorporating a number of trapping methods, which has 

been recognised in other studies where species composition and sex ratios of millipedes 

have been found to vary with trapping method (Grelle et al., 2000; Mesibov et al., 1995; 

Meyer, 1985).  Millipede species are known to utilise different niches (O'Neill, 1967), and 

may inhabit different environments at different life stages (Blower, 1985).    Pitfall trapping 

collected more isopods than any of the other trapping methods.  The relative abundance of 

isopods was similar across all trapping methods, although there was a higher proportion of 

P. pubescens trapped in samples of dead wood than the other species.  A surprising finding 

was the very high abundance of millipedes in the dead wood samples compared to pitfall 

trapping and Tullgren extraction from litter samples.  Coarse woody debris (CWD) has been 

shown to influence both millipede and isopod distributions with abundance of both groups 

increasing with proximity to this resource (Topp et al., 2006).  

     

The high diversity of native millipedes in small reserves, raises important issues of whether 

the contribution of small reserves to maintaining native species diversity overrides their 
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negative effect in facilitating the incursion of exotic species into native habitats.  The SLOSS 

problem, whether a single large or several small reserves are more efficient at maintaining 

diversity is a long-running debate in conservation biology (Báldi, 2008; Tscharntke et al., 

2002).  A Hungarian survey of invertebrates in a range of reserves found that the set of 

smallest reserves contained more species than the single largest reserve indicating that in 

this case, several small reserves were superior in terms of species richness to the large ones 

(Báldi, 2008).  In areas of high native biodiversity and endemism even degraded and 

challenged ecosystems have been found to yield sizable numbers of important and rare 

native species (Clarke et al., 2008).  As a consequence of growing concerns about global 

biodiversity loss, it is anticipated that natural areas within urban landscapes will play an 

increasingly important role in species preservation (Adams, 2005) and biodiversity 

conservation (Bolger et al., 2000; Connor et al., 2003).  This study on millipedes and isopods 

is consistent with other evidence that forest fragments may provide an important resource 

for maintaining native biota, and consequently it is important to understand the 

characteristics of areas that enhance biodiversity in order to preserve and manage them 

effectively.  

 
 
 

3.6 Conclusions 

This study indicates that elements of the native millipede and isopod fauna are preserved in 

forest fragments, but the lack of research on both groups and the absence of comparative 

data on species richness and community assemblages in continuous, undisturbed native 

forest makes it impossible to determine whether fragmentation has resulted in an overall 

loss of native millipede and isopod diversity.  The absence of research on the distribution of 

introduced millipedes and isopods in anthropogenic and natural ecosystems in New Zealand 

makes it difficult to determine the key factors driving the establishment of these groups in 

native forests.  However, the abundance of exotic millipedes in small fragments points to 

forest fragmentation as one of the factors facilitating the incursion of introduced millipedes 

into native ecosystems.  There was no evidence of a negative relationship between the 

richness and abundance of native millipedes and the abundance of exotic millipedes in this 

study.  However, there was an indication that one of the native millipedes (Icosidesmus sp.) 

is be more sensitive to fragmentation, but this would need further investigation.  Isopod 
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species richness was quite low with three native isopod species distributed across all 

fragment sizes, but abundance was high at some study plots.  Litter composition was a 

consistent explanatory factor for the abundance of the three isopod species, but the high 

abundance at a small number of sites, could not be explained by any of the environmental 

or fragment variables tested in this study. Further research is required on the drivers of 

native and exotic species abundance and richness of both millipedes and isopods and on the 

interactions between these detritivorous groups. 
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4  Effects of native and exotic millipedes on 
decomposition, nutrient release and plant growth 
rates. 

 

4.1 Abstract 

Invasive detritivores can have a major impact on ecosystem processes, specifically the rates 

of litter decomposition and nutrient cycling, and hence the availability of soil nutrients for 

plant growth.  Exotic, naturalized litter invertebrates, including millipedes (Diplopoda), are 

widespread throughout New Zealand where they may co-exist with native litter fauna.  A 

one year microcosm experiment examined the individual and combined effects of two co-

existing millipede species, the native Spirobollelus antipodarus and the exotic Oxidus gracilis 

on rates of litter decomposition and nutrient release, soil nutrient levels, and growth rates 

and foliar nutrient levels of seedlings of the New Zealand native tree species puriri (Vitex 

lucens).  There was a significant correlation between millipede biomass and decomposition 

rates of two palatable litters mahoe (Melicytus ramiflorus) and puriri, but the presence of 

millipedes did not affect decay rates of an unpalatable species rewarewa (Knightia excelsa).  

Decay rates of mixed litterbags containing mahoe, puriri and rewarewa litters were lower in 

the millipede treatments than in controls without millipedes, probably because the 

millipedes consumed the two palatable litters, thereby negating the positive effect of high 

nutrient litters on the decay rates of the low nutrient quality rewarewa litter.  Rates of N 

and P release from the mixed litterbags were highest in the treatments with the greatest 

biomass of the exotic O. gracilis than in controls without millipedes or the native millipede 

treatment.  Similarly, humus pH, ammonium (NH4) and phosphorus (Olsen P) levels were 

higher in treatments with O. gracilis.  Nitrate (NO3) levels were depleted across all 

treatments including the controls indicative of inhibition of nitrification of NH4 to NO3.  

Millipede treatments did not have a significant positive effect on plant growth rates or foliar 

N and P levels, possibly because puriri may require nitrogen in the form of NO3 rather than 

NH4.  The results highlight the potential for exotic millipedes to influence litter 

decomposition rates and nutrient release, although these effects did not enhance plant 

performance in this study.  While there was no evidence of interspecific competition 

between the two millipede species in this study, the effects of exotic millipedes on critical 

ecosystem processes and community structure could be profound. 
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4.2 Introduction 

Invasive species research in terrestrial ecosystems has been dominated by studies of 

aboveground organisms and the effects of invasive species on belowground ecosystems 

have received less attention (Ehrenfeld and Scott, 2001; González et al., 2006) possibly 

because of the cryptic nature of the soil environment and often limited knowledge of the 

taxonomy and biogeography of these groups (Bohlen, 2006).  However, while less 

conspicuous, invasions by soil organisms are important with respect to ecosystem processes 

(Ehrenfeld and Scott, 2001; Hendrix, 2006) and pose a growing threat to soil biodiversity 

arising from major direct and indirect impacts on soil services and native soil fauna (Turbé et 

al., 2010).  Invasive saprophagous macroinvertebrate decomposers include earthworms 

(Hendrix et al., 2008), herbivorous molluscs (Gastropoda) (Barker, 1999; Cowie et al., 2008), 

and saprophagous arthropods such as amphipods (Amphipoda) (Alvarez et al., 2000; Barker, 

1999), isopods (Isopoda) (Purse et al., 2012) and millipedes (Diplopoda) (Hopkin and Read, 

1992; Sierwald and Bond, 2007).   

 

Many millipede species are globally invasive as a result of accidental transport by humans 

(Hopkin and Read, 1992; Purse et al., 2012; Sierwald and Bond, 2007).  For example, almost 

50% of Britain’s millipede species have been introduced to North America (Kime, 1990), 

probably as a result of trade between these regions.  Exotic millipedes are found in 

anthropogenic habitats, but have also colonised disturbed and natural habitats (Sierwald 

and Bond, 2007).  Some millipede species have attained pest status as a result of population 

outbreaks (Causey, 1943; Enghoff and Kebapci, 2008; Hopkin and Read, 1992) where mass 

migrations invade houses and are even known to stop trains (Baker, 1978; Enghoff and 

Kebapci, 2008; Voigtländer, 2005).  Irruptions have been recorded in natural and 

anthropogenic habitats for Oxidus gracilis (C. L. Koch) (Edwards and Gunn, 1961; Enghoff 

and Kebapci, 2008; O'Neill and Reichle, 1970), Pseudopolydesmus serratus (Say) (Ramsay, 

1966), and the Portuguese millipede Ommatoiulus moreletii (Lucas, 1860), which is a 

significant pest in southern Australia (Baker, 1978).  Unlike other millipede irruptions, 

outbreaks of O. moreletii in Australia are not sporadic but represent a “permanent” 

irruption of an introduced species (Baker, 1978).  Consequently, O. moreleti invasion is likely 
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to change the nature of nutrient cycling processes in pastures and grasslands in much of 

southern Australia indicating a need for intensive research into its impacts on litter and soil 

communities in natural and anthropogenic ecosystems  (Bailey, 1997; Paoletti et al., 2007). 

 

Soil macroinvertebrates are key regulators of ecosystem processes including nutrient and 

carbon cycling, hydrological fluxes, and litter decomposition and soil formation, (Lilleskov et 

al., 2008; Setälä, 2002; Wardle et al., 2004) and by breaking down plant detritus, may 

indirectly regulate plant growth by affecting the supply of soil nutrients (Wardle et al., 

2004).  Therefore the introduction of exotic soil invertebrates may significantly disrupt these 

processes (Lilleskov et al., 2008).  Earthworm invasions have had profound impacts on 

ecosystem processes in North American forest systems (Hendrix et al., 2008).  Litter and soil 

consumption by exotic earthworms has been shown to change the physical nature of the 

soil environment by eliminating the litter layer and homogenising the organic and mineral 

layers of the soil (Alban and Berry, 1994), changing soil chemistry, and structural properties 

(Hale et al., 2005; McLean and Parkinson, 1997).  Exotic earthworms have also been shown 

to alter carbon pools and nutrient levels and dynamics (Bohlen et al., 2004; Costello and 

Lamberti, 2009; Hale et al., 2005; Suárez et al., 2004; Wironen and Moore, 2006).  

Furthermore, exotic earthworms have altered microbial communities (Groffman et al., 

2004; Li et al., 2002; McLean et al., 2006), native decomposer communities of 

microinvertebrates (McLean and Parkinson, 2000; Migge-Kleian et al., 2006; Straube et al., 

2009) and macroinvertebrates including native earthworms (Winsome et al., 2006) and 

millipedes (Snyder et al., 2009; Snyder et al., 2013).  Earthworm impacts on nutrient 

availability and the soil environment have been demonstrated to change plant communities 

by affecting seed banks (Hopfensperger et al., 2011) and by seedling herbivory (Eisenhauer 

et al., 2010); plant community composition (Hale et al., 2006; Holdsworth et al., 2007) and 

changing plant growth rates in invaded sites (Larson et al., 2010).  

 

High abundance and species richness of invasive soil invertebrates have been recorded in 

some surveys (Arndt and Perner, 2008; Borges et al., 2006).  However, while a growing body 

of research has revealed that changes in the species composition of communities can have 

far-reaching effects on ecosystem processes (Ehrenfeld and Scott, 2001), there is very 

limited understanding of the ecosystem impacts of invasive saprophagous 
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macroinvertebrates other than earthworms (Frouz et al., 2008).  In fact, the ecosystem 

impacts of exotic saprophagous macroarthropods on diversity and species composition of 

native fauna, and decomposition and nutrient cycling remain largely unexplored (Bardgett 

and Wardle, 2010). It is probable that research on these issues is hampered by incomplete 

knowledge of the contribution of invertebrate decomposers, especially litter transformers, 

to decomposition dynamics (Prescott, 2010; Purse et al., 2012), and limited understanding 

of the interactions of litter transformers with other soil fauna and microbial communities 

and the flow-on effects on decomposition processes and pathways (Prescott, 2010). 

  

Exotic, naturalized litter invertebrates are relatively abundant and widespread in New 

Zealand, including isopods (Chilton, 1900-1903) and millipedes (Dawson, 1958; Johns, 1962).  

The prevailing view is that the impact of introduced invertebrates on native habitats 

appears to be relatively minor, but there has been little research on this issue compared 

with investigations on the impacts of exotic mammals and plants (Atkinson and Cameron, 

1993; Brockerhoff et al., 2010).  There have been no studies on the impacts of either native 

or exotic saprophagous macroinvertebrates on ecosystem processes. 

 

This study examines the interactions between two co-existing millipede species, a native 

and an exotic species, and measures the individual and combined species effects on 

decomposition and nutrient cycling and flow-on effects on rates of plant growth and 

nutrient uptake.  The native juliform species, Spirobolellus antipodarus (Newport, 1844) 

(Spirobolida: Spirobolellidae) is common in mixed conifer-broadleaf forests in northern New 

Zealand (Peter Johns, Canterbury Museum, pers. comm. 2008).  The cosmopolitan pest 

species, Oxidus gracilis (Koch, 1847) (Poydesmida: Paradoxosomatidae), is originally from 

Asia (Causey, 1943; Hopkin and Read, 1992), and has been present in northern New Zealand 

for at least 80 years (Chamberlin, 1920; Dawson, 1958).  Both species co-exist in broadleaf 

forest stands in the Waitakere Ranges (Chapter 2) and in reserves on the North Shore of 

Auckland city (Chapter 3).   

 

The study compared the individual and combined effects of these two species on the 

ecosystem processes of decomposition, nutrient release and plant growth and foliar 

nutrients in autotrophic plant microcosms and tested the hypotheses that: (1) Rates of 
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survival and reproduction of the native millipede species would be higher in the 

monospecies treatment compared to treatments that included exotic millipedes, because of 

interspecific competition. Laboratory colonies of O. gracilis display high population growth 

rates, whereas S. antipodarus has much lower rates of reproduction (pers. observation).  

The biomass (g) of the native and exotic species was equivalent in the monospecies 

treatments and in the combined species at the commencement of the study.  However, 

biomass of O. gracilis was expected to increase substantially in treatments with this species, 

and it was predicted that this would result in interference and/or competition for habitat 

between the two species.  (2) Rates of litter decomposition and release of nutrients from 

decomposing litter would be higher in treatments containing O. gracilis than in the mono-

species treatment with S. antipodarus and control treatments without millipedes, because 

rapid natural increase of O. gracilis would result in high rates of litter consumption, thereby 

accelerating litter decay and nutrient mobilisation.  (3) Enhanced rates of litter decay in 

treatments with O. gracilis would result in faster nutrient cycling and as a consequence, 

increased soil levels of N and P, than in treatments with S. antipodarus alone and control 

treatments without millipedes.  (4) Increased rates of nutrient cycling and therefore higher 

soil nutrient levels in treatments with O. gracilis would increase the availability of nutrients 

for plants, resulting in higher plant growth rates and increased levels of foliar N and P than 

treatments containing the native millipede alone, and controls without millipedes.   

 

4.3  Methods 

4.3.1 Experimental design 

This laboratory experiment involved 130 autotrophic microcosms, all of which contained a 

single puriri (Vitex lucens) seedling planted in humus and mineral soil.  The experimental 

design included two control treatments in which no millipedes were introduced to the 

microcosms, and 4 treatments which included millipedes (Table 4.1).  Both control 

treatments contained the puriri seedling, humus and mineral soil, but leaf litter was added 

to the control with litter treatment (C+L) in the same quantity as for the millipede 

treatments, whereas leaf litter was not added to the control without litter (C-L).  The C+L 

treatment controlled for the effect of microbial decomposers on litter decomposition, 
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nutrient cycling and plant growth.  Thus differences between C+L and the millipede 

treatments quantified the effects of the millipede fauna on ecosystem processes compared 

to the microbial community alone.  Differences between C+L and C-L quantified the 

significance of the microbial community colonising leaf litter on decomposition processes 

and the flow-on effects on plant growth and nutrient levels.  The millipede treatments 

included two monospecies treatments, in which either the native (S. antipodarus) or the 

exotic (O. gracilis) species were added at similar biomass as was found in the field survey of 

native forest fragments on the North Shore of Auckland (Chapter 3).  The other two 

millipede treatments combined both species at either low density (LD) (i.e. at a similar 

biomass to the monospecies exotic and native millipede treatments) or high density (HD) 

(i.e. the total number of millipedes was the combined total of the 2 monospecies 

treatments) (Table 4.1).  There were 20 replicates of each of the four millipede treatments 

and the two controls.  Ten microcosms were harvested prior to the imposition of the 

treatment regimes in order to obtain baseline data on nutrient levels in the humus and 

leaves of the puriri seedlings and the average size of the plants.  

 

Table 4.1. Summary of starting conditions of six treatments in a microcosm study examining 
the effects of the native millipede (S. antipodarus) and the exotic species (O. gracilis) on 
decomposition and nutrient release and growth and foliar nutrients of puriri (V. lucens).  
Neither control treatment (C-L and C+L) contained millipedes but both contained the puriri 
seedling, humus and soil.  The C+L (control with litter) treatment had leaf litter added to the 
microcosms, whereas C-L (control without litter) had no leaf litter.   

 
 

The design of the microcosms was based on that of Mikola, Barker & Wardle (2000) and 

involved the construction of 130 autotrophic plant microcosms established in transparent 

plastic containers (Figure 4.1(a)) (Mikola et al., 2000).  The dimensions of each microcosm 

Treatments Control Monospecies Combined species 

C-L C+L native (MS) exotic (MO) low density (LD) high density (HD)

Leaf litter No Yes Yes Yes Yes Yes

Native millipede

S. antipodarus No No 2 0 1 2

Exotic millipede

O. gracilis No No 0 6 3 6

Mean (SE) biomass (g)

Native 0 0 0.28 (0.02) 0 0.12 (0.01) 0.28 (0.02)

Exotic 0 0 0 0.23 (0.01) 0.11 (0.00) 0.22 (0.01)
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were 210 x 210 mm (width) x 330 mm (height) and each contained 1 kg mineral soil (lowest 

30 cm level), 700 g (d.m.) humus in the middle 20 mm layer and one puriri (V. lucens) 

seedling.  The mineral soil and humus were collected from native broadleaf forest in 

Coromandel beneath a puriri (V. lucens) canopy.  Nutrient levels of the mineral soil and 

humus were determined by Landcare Research.  The mineral soil (pH 5.06 (SE 0.01), organic 

C 1.09% (SE 0.02) and total N 0.07% (SE 0.002)) was passed through a 4 mm mesh sieve and 

dried at 30oC for 3 days (Contherm Series 5 CAT 260m oven).  The humus (pH 5.59 (SE 0.03), 

organic C 6.20% (SE 0.13) and total N 0.47% (SE 0.006) was also sieved and dried at 30oC for 

11 days.    At the time of planting the puriri seedlings were on average 10 months in age and 

15.16 cm (SE 0.22) in height (Figure 4.1 (a)).  The microcosms were placed under artificial 

lights (Sylvania GRO-LUX F58/GRO) with a daily cycle of 10 hours light (temperature ~ 20oC) 

and 14 hours dark (temperature ~ 15oC).  The amount of photosynthetically active radiation 

(PAR) inside the microcosms was ~ 180 µmol-2s-1 at the tip of the main growing shoot of 

each plant.  Seedlings were randomly allocated to treatments.  

 

The millipedes were collected from broadleaf forest stands in the Waitakere Ranges and the 

North Shore of Auckland and were maintained in humus and litter in clear plastic containers 

of a similar size to those used to construct the microcosms.  Puriri was considered to be a 

suitable plant species for this study because it is widely distributed in lowland broadleaf 

forest in northern New Zealand and field sampling (Chapters 2 and 3) revealed that puriri 

litter contained high diversity of both native and exotic millipedes.  The puriri seedlings were 

propagated from seeds collected from a single puriri tree in the Coromandel Peninsula 

(36°46’S, 175°31’E). 
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Figure 4.1 Images of (a) microcosms and puriri (V. lucens) seedlings at the time of 
establishment in June 2009 and (b) 12 months later in June 2010.  
 

 

The seedlings were planted in the microcosms 3.5 months prior to the commencement of 

the treatments.  The contents of each microcosm were misted with water and an additional 

200ml of tap water added per week, increasing to 300 ml as the plants grew.  The 

microcosms were circulated throughout the tables after watering to ensure that they 

received similar amounts of light over the period of the study.  At the time of planting, the 

seedlings possessed leaves produced during their initial growth period (referred to as time 0 

(T0) leaves) which were marked with a felt tip pen to differentiate them from leaves and 

shoots produced during growth in the microcosms.  During the 3.5 month period of 

establishment in the microcosms the seedlings grew from an average height of 15.2 cm (SE 

0.20) (range 9-23 cm) to an average of over 22.0 cm (average growth 7.7 cm, range 15-33).  

The increase in size of the plants meant that many were outgrowing the microcosms so the 

growing tip of each seedling was pruned prior to the imposition of the different treatment 

regimes.  This resulted in an average seedling height of 22.0 (SE 4.07) cm with a mean of 8.9 

(SE 0.05) pairs of leaves at the start of the treatments. 

 

At the start of the experimental treatments leaf litter was added to the 5 treatments 

containing litter (control+litter, monospecies O. gracilis and S. antipodarus, and the 

combined species low density and high density treatments).  The litters used in the study 

included two high nutrient litters (based on chemical analysis conducted by Landcare 

(a) (b) 
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Research), puriri (1.32% N, 0.11% P) and mahoe (Melicytus ramiflorus) (1.42% N, 0.10% P) 

and a low nutrient species rewarewa (Knightia excelsa) (0.35% N, 0.02% P).  A litter 

preference study determined the palatability of the litters to the two millipede species 

(Appendix 2).  The total quantity of leaf litter placed in each microcosm was on average 26.0 

g (SE 0.03) comprising puriri (mean 15.3 g SE 0.02), mahoe (mean 4.7 g SE 0.02) and 

rewarewa (mean 6.1 g SE 0.00).  During the course of the experiment puriri and mahoe litter 

was added to the microcosms each month, with a mean total from 5 sub-samples of each 

litter type of 81.5 (SE 4.3) g dry weight of puriri and 30.6 (SE 3.8) g of mahoe litter during the 

course of the study.  The litter was sourced at the start of the study from freshly fallen 

leaves in September-October 2009 and again in April-May 2010 at Smith’s Bush on the 

North Shore of Auckland (36°47’S, 174°45’E).  The leaves were air dried in the laboratory for a 

period of 6 weeks prior to being added to the microcosms.  In addition to the leaf litter, 

three pieces (~ 30 g in total) of kanuka (Kunzea ericoides) wood were added to each 

microcosm in the litter treatments at the start of the study.  The kanuka wood had been cut 

from living plants in native forest on the Coromandel Peninsula six months earlier and air 

dried in the laboratory prior to addition to the microcosms.  The litter and wood samples 

were air dried prior to addition to the microcosms to kill invertebrate fauna that may have 

colonised the samples prior to collection, thereby avoiding unintentional faunal 

introductions into the microcosms.  The litter and dead wood samples were moistened 

thoroughly after addition to the microcosms. 

The millipedes were extracted from the containers in which they had been maintained prior 

to the experiment.  Each individual was weighed prior to its addition to the treatments to 

ensure that total millipede biomass (g) was similar for each replicate within the treatment.  

Oxidus gracilis individuals were mid to late stage juveniles (stadium V to VII, of a total of VIII 

stadia) (Causey, 1943) and each individual weighed ~ 0.04 g (Table 4.1).  The age and stage 

of development of the Spirobolellus antipodarus individuals was unknown, but again each 

individual was weighed prior to their addition to the treatments containing this species to 

ensure that a consistent overall biomass per replicate was achieved.  The S. antipodarus 

individuals were generally larger than O. gracilis with an individual weight of ~ 0.11 g (Table 

4.1).  The number of millipedes included in the treatments was based on densities found in 

litter samples from study sites on the North Shore of Auckland city (Chapter 3).  At suburban 
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native forest sites where O. gracilis was often present in puriri litter, densities ranged from 

three to ten individuals per 25 cm2 quadrat.  On this basis, six O. gracilis individuals were 

included in the monospecies exotic and high density treatments containing this species and 

three individuals in the low density treatment (Table 4.1).  Litter samples of S. antipodarus 

usually contained one to two individuals.  Therefore, two S. antipodarus individuals were 

included in the monospecies and high density treatments containing this species, and one 

individual in the low density treatment (Table 4.1). 

 

Litter Decomposition  

The rate of litter decomposition in each microcosm was quantified using litterbags. Freshly 

fallen leaves were collected from three broadleaf tree species, puriri, rewarewa, and mahoe 

in September 2010 from Smith’s Bush (36°47’S, 174°45’E) on the North Shore of Auckland, 

and air dried for 2 months prior to the commencement of the study.  Litterbags were 

constructed using coarse mesh (5 mm) plastic shade-cloth which permitted access by both 

millipede species to the litter contained within the bag.  Each bag measured 5 x 5 cm and 

the sides were heat sealed.  There were four treatments comprising three single species 

litters and a mixed litter treatment containing equal quantities (~ 0.33 g) of the pure litters 

(Table 4.2).  Three sample bags of each pure litter type were oven dried at 70°C for 24 hours 

(Contherm Series 5 CAT260M oven) to calibrate the relationship between air-dried and 

oven-dried mass.   

 
Table 4.2. Mean (SE) litter dry weight, and % N and % P of five samples of the three pure 
litters (mahoe, puriri and rewarewa) and mixed litter containing approximately equal 
quantities of each of the pure litters at the commencement of the decomposition study.  

 

 

The litterbags were placed in the microcosms on 4 December 2009 after the addition of the 

leaf litter, wood samples and millipedes.  Two bags of each of the pure litters (rewarewa, 

puriri, and mahoe) and the mixed litters were placed in each microcosm giving a total of 8 

Mean dry wt (g) %N %P

Mahoe 1.062 (0.002) 1.415 (0.091) 0.096 (0.018)

Puriri 1.071 (0.002) 1.318 (0.170) 0.107 (0.012)

Rewarewa 1.057 (0.002) 0.354 (0.021) 0.016 (0.002)

Mixed 1.088 (0.004) 1.021 (0.002) 0.053 (0.000)
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litterbags per microcosm (Figure 4.1(b)).  Half the litterbags were collected after 116 days (4 

April 2010).  The remaining litterbags were harvested  2.5 months later (25 June 2010) after 

198 days incubation.  The second harvest was conducted earlier than planned because of 

concerns that there would be minimal litter material remaining in the puriri and mahoe 

litterbags in some of the high density millipede treatments if the collection was conducted 

at the cessation of the experiment at the end of October 2010.  At the outset of the 

decomposition study, five samples of the initial leaf litters (puriri, rewarewa and mahoe) 

were analysed for %N and %P (Landcare Research, method 206, Kjeldahl wet oxidation 

process).  After retrieval, the contents of each litterbag were dried at 70°C for 24 hours and 

then weighed.  The residual litter of the mixed litterbags at the second collection in June 

after 198 days incubation was analysed for N and P content (Landcare Research, method 

206, Kjeldahl wet oxidation process) which was reported as % content of the litter dry mass.   

 

Harvest procedure 

A baseline harvest of ten microcosms was carried out prior to the imposition of the 

treatments at week 14 with the final harvest beginning at week 52, one year after the 

commencement of the millipede treatments, and concluding 4 weeks later.  When 

harvesting, the litter was removed from each microcosm in which it was included (C+L, 

mono-species O. gracilis (MO) and S. antipodarus (MS), and the low (LD) and high (HD) 

density combined species treatments) and the seedlings were cut at the soil surface and 

separated into shoot and root material.  The substrate was separated into humus and 

mineral soil (where possible) and the roots were extracted from each component, washed 

in tap water, oven dried at 70°C for 24 hours and weighed.  The leaves were separated into 

first year leaves (i.e. growth prior to the onset of the treatments), second year leaves which 

had grown since the commencement of the treatments.  The leaves from each seedling 

were measured to determine total leaf area (m2) and leaf area (m2) produced since the 

commencement of the treatments.  The leaves, stems and roots were oven dried at 70°C for 

24 hours and weighed.  One pair of second year leaves was oven dried at 70°C for 24 hours 

and analysed for %N and %P (Landcare Research, method 206, Kjeldahl wet oxidation 

process) together with the 10 leaf samples from the baseline harvest at week 14.   
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The mineral soil and humus was separated from the plant roots and oven dried and 

weighed.  The humus was mixed and a sample was taken from each microcosm to 

determine the KCl-extractable NH4-N and NO3-N and bioavailable phosphorus (Olsen P) 

content. The pH of three humus samples were measured using a Hach HQ 40d meter and 

the mean pH for the three samples was calculated.  It was not possible to keep the mineral 

soil separate because the plant roots were very dense throughout both soil and humus.  

Therefore after careful extraction of the humus samples for measurement of nutrients and 

pH, the remaining mineral soil and humus were combined and a dry weight was obtained 

for the combined material.  

 

The millipede treatments commenced at the beginning of November 2009 and ceased at 

the end of October 2010.  Millipedes were extracted by hand from the soil and leaf litter of 

each microcosm prior to, and during the course of the seedling harvest and counted and 

weighed.   

 

4.3.2 Statistical analysis 

Millipede performance 

Live weight (g) biomass of each millipede species was determined for each microcosm and 

treatment.  The significance of the difference in millipede biomass for each treatment from 

the start of the study in November 2009 until its cessation in October 2010 was analysed on 

a single species basis using one-way analysis of variance.  All biomass data were log 

transformed [log (x+1)] prior to the analysis.  The assumptions of analysis of variance were 

tested using the Shapiro-Wilk test for normality and the Levene test for homogeneity of 

variance.  The post hoc Tukey HSD test was applied to determine the significance of pairwise 

comparisons between treatments.   

 

Litter Decomposition  

The percentage of initial mass was calculated for each litter type (puriri, mahoe, rewarewa 

and mixed) for the two harvests after 116 days incubation (April collection) and 198 days 

(June collection).   Differences in % mass remaining were analysed using repeated measures 

ANOVA with treatments and litter types (puriri, rewarewa, mahoe and mixed) being the 
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fixed effect variables and the two sampling times (April (T1), June (T2)) being the repeated 

measure.  Loss of N and P from the mixed litter was determined for the second collection 

(T2) of the mixed litterbags in June 2010 after 198 days and was calculated as total mass x 

nutrient concentration prior to incubation (T0) minus total mass x nutrient concentration 

present after 198 days (T2) incubation (Ball et al., 2009; Jonsson and Wardle, 2008; Wardle 

et al., 2002).  Loss of N and P was expressed as a percentage of the total initial litter mass at 

the outset of the study in order to allow determination of nutrient release per unit litter 

weight; and secondly as a percentage of the total N and P present at the start to allow 

determination of the proportion of each nutrient that is released (Jonsson & Wardle, 2008, 

Wardle et al., 2002).  Differences between treatments in the rates of N and P release from 

the mixed litterbags at the June collection were analysed using multivariate analysis of 

variance (MANOVA).  Homogeneity of variances was tested using the Levene test and the 

Shapiro-Wilk test was used to test normality.  Where necessary an arcsine transformation 

was applied. 

 

The overall rate of decomposition of the mixed litterbags was expected to reflect the decay 

rates displayed by the single-species (puriri, rewarewa and mahoe) litterbags in each 

microcosm.  There was a known quantity (g) of the three component litters in each of the 

mixed litterbags which meant that a predicted decay rate for each litter type could be 

determined from the observed decay rate (% mass loss or % initial mass remaining) of the 

pure litters in the microcosm for each time period.  The predicted rates for each of the 

component litters were then summed and the overall total was compared to the actual 

observed rate of decay of the mixed litterbags in that microcosm (Blair et al., 1990; Jonsson 

and Wardle, 2008; Wardle et al., 1997).  The observed value was compared to the expected 

value using the ratio ((observed-expected)/expected) and 95% confidence intervals were 

used to determine whether these ratios differed significantly from zero.  The significance of 

differences in observed vs expected values was analysed using repeated measures analysis 

of variance (ANOVA).   

 

Plants and soil  

The dependent variables were sorted into two groups, one comprising the soil and humus 

variables and the second including the variables pertaining to seedling performance,  and a 
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separate multivariate analysis of variance (MANOVA) was performed for each group.  

Variables for the humus analyses included pH, NO3, NH4, and Olsen P at the conclusion of 

the study.  The variables for the seedling analyses were % foliar N and P, total plant biomass 

(g dry weight), total leaf mass and second year leaf mass of each seedling at the conclusion 

of the treatment.  For the plant analyses, height (cm) of the seedlings at the time of planting 

was used a covariate, to include in the model the inherent differences in growth rates 

among seedlings.  Homogeneity of variances was tested using the Levene test and the 

Shapiro-Wilk test was used to test normality.  Where necessary a logarithmic transformation 

[log (x+1)] was applied. 

 

All results were analysed with the SPSS statistical package (SPSS version 19) and the level of 

significance was P < 0.05. 

 

4.4 Results 

4.4.1 Millipede survival and reproduction 

Both the native millipede S. antipodarus and the exotic species O. gracilis had generally high 

rates of survival and reproduction (Table 4.3).  S. antipodarus reproduced in the 

monospecies native (MS) and high density (HD) combined species treatments where 2 

adults were added at the start of the experiment, and both adults and juveniles were 

present at the conclusion of the study.  Survival of S. antipodarus was highest in the 

monospecies and low density treatments where each of these treatments had only one 

microcosm with no surviving individuals at the cessation of the experiment, in contrast to 

the high density treatment, where there were 3 microcosms without any surviving S. 

antipodarus individuals. The native species, S. antipodarus, showed the highest overall % 

increase in biomass in the monospecies treatment compared to the low and high density 

treatments, but the difference between treatments was not significant (ANOVA, F2,57 = 1.57, 

P = 0.217) (Figure 4.2(a)).   
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Table 4.3. Mean with standard error biomass (g) and number of native (S. antipodarus) and 
exotic (O. gracilis) millipedes for the four millipede treatments relative to the start of the 
study.  

 
 

 

The exotic millipede O. gracilis showed substantial rates of increase in all treatments in 

which it was included (Table 4.3), with only one microcosm in each of the monospecies, low 

density and high density treatments without any surviving individuals, at the end of the 

study.  There was a change in the age structure of this species from adults and late stage 

juveniles at the start of the experiment to predominantly juveniles at the conclusion 12 

months later.  The rates of increase of O. gracilis were similar for the mono-species and high 

density treatments, but higher for the low density treatment (Figure 4.2(b)) which started 

with half the number of individuals of the monospecies and high density treatments (Table 

4.3, Figure 4.2(b)).  There was a significant difference between treatments containing O. 

gracilis in the % increase in mean biomass (F2,57 = 7.50, P = 0.0013) (Figure 4.2(b)).  The 

Tukey HSD test showed a significant difference in time 0 and time 1 biomass in pairwise 

comparisons between O. gracilis in the low and high density (P = 0.03) treatments and 

between the low density and mono-species O. gracilis (P = 0.001) treatments (Figure 4.2(b)).   

 

 

 

 

 

 

Treatments Mean (SE) millipede biomass (g) Mean (SE) millipede abundance

Time 0 Time 1 Time 0 Time 1

Native

Per microcosm 0.28 (0.02) 0.55 (0.09) 2 7.00 (1.34)

Exotic 

Per microcosm 0.23 (0.01) 2.77 (0.40) 6 111.79 (24.18)

Low density

Native per microcosm 0.12 (0.01) 0.13 (0.02) 1 0.95 (0.34)

Exotic per microcosm 0.11 (0.003) 3.11 (0.48) 3 108.35 (17.75)

High density

Native per microcosm 0.28 (0.02) 0.47 (0.10) 2 8.50 (2.53)

Exotic per microcosm 0.22 (0.01) 3.45 (0.50) 6 118.75 (27.63)
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(a) 

 

(b) 
 

 
 

Figure 4.2. Mean with standard error % increase in (a) native millipede (S. antipodarus), and 
(b) exotic millipede (O. gracilis) biomass (g) in each treatment relative to the start of the 
study.  Monospecies native, LD native and HD native represent the mean biomass of S. 
antipodarus, while monospecies exotic, LD exotic and HD exotic the biomass of O. gracilis in 
each of these treatments.  Bars sharing the same letter are not significantly different, Tukey 
honestly significant difference (P > 0.05). 

 

4.4.2 Litter decomposition 

There were highly significant differences in decomposition rates between litter type and 

treatment and a significant interaction between these factors (Table 4.4).  There was also a 

significant difference in percentage mass remaining between the two collections in April and 

June and significant two-way interactions between time and treatment, and time and litter 

(Table 4.4).  The three-way interaction between time, litter and treatment was not 

significant (Table 4.4).   
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Table 4.4.   Results of repeated measures ANOVA comparing litter mass remaining over time 
between treatments and litter types for each of the 2 sampling dates in April and June. 

 
 

Puriri  and mahoe  litter showed the highest decomposition rates of the four litter types 

used in this study, with the highest mass loss for both litters in the high density treatment 

(Figure 4.3(a) and 4.3(b)).  Overall decomposition rates for mahoe and puriri were similar for 

all the treatments containing the exotic millipede O. gracilis (mono-species O. gracilis (MO), 

and the low (LD) and high (HD) density combined millipede treatments (Figure 4.3(a) and 

(b)).  In contrast, percentage mass remaining of puriri and mahoe litter in the mono-species 

native millipede treatment (MS) was similar to the values obtained in the control with litter 

but no millipedes (C+L) treatment (Figure 4.3(a) and (b)).  The slowest decomposition rates 

for mahoe and puriri litter were in the control without litter or millipedes (C-L), but in this 

treatment the decay rate of mahoe was faster than puriri at both the April and June harvest 

(Figure 4.3(a) and (b)).   

 

 

d.f. F P-value 

 

 
Treatment 5 65.89 <0.0001 

Litter type 3 625.22 <0.0001 

Treatment*litter type 15 7.71 <0.0001 

 
Time 1 212.11 <0.0001 

Time*treatment 5 3.27 0.0066 

Time*litter 3 18.5 <0.0001 

Time*litter*treatment 15 1.6 0.0711 

456 
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Figure 4.3. Percentage of initial mass (with standard error bars) of (a) mahoe (M. 
ramiflorus), (b) puriri (V. lucens), (c) rewarewa (K. excelsa), and (d) mixed litterbags 
containing equal proportions of the pure litter for the April (dark grey bars) and June (pale 
grey bars) after 116 days and 198 days respectively in the 2 control and 4 millipede 
treatments.  Treatments are C-L (control without litter or millipedes), C+L (control with litter 
but without millipedes, MS (native species alone), MO (exotic species alone), LD (low 
density) and HD (high density)  combined millipede species treatments.  Bars sharing the 
same letter are not significantly different, Tukey’s honestly significant difference (P > 0.05). 
 

 

The mixed litterbags showed a similar pattern of decomposition to puriri and mahoe litters 

but the rate of decomposition was slower (Figure 4.3(d)).  As was the case with the pure 

mahoe and puriri litterbags, the highest decay rates were in the treatments with O. gracilis 

(MO, LD and HD) while the mono-species native millipede treatment had a similar decay 

rate to the control with litter (C+L) (Figure 4.3(d)).  Rewarewa had the slowest rate of decay 

of all litter types, and as with the other pure litters, the lowest decomposition rate was in 

the control without litter or millipedes (C-L) (Figure 4.3(c)).  Unlike the other litter types 

there was very little difference in the rates of decay of rewarewa litter between the 2 
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collections and little difference in decomposition rates between the treatments (C+L, MS, 

MO, and HD) (Figure 4.3(c)). 

 
Mixed litter  

N and P analysis 

There were significant differences between treatments for % litter mass loss and release of 

N and P from the mixed litter for the second harvest after 198 days incubation (Table 4.5). 

There was no significant difference in final P concentration of the litter (Table 4.5).  The 

results of the Tukey HSD pairwise comparisons between treatments indicated that there 

were no significant differences between treatments containing the exotic millipede O. 

gracilis (MO, LD and HD) for all levels of the MANOVA, (% initial mass, N and P content, N 

and P loss per unit of initial mass and N and P loss per initial content)  (Table 4.5).  There 

were no significant differences in N content, N loss per unit of initial mass and N content as 

a proportion of initial content between C-L and C+L (control with litter without millipedes) 

and the three O. gracilis treatments (MO, LD and HD), but there was a significant difference 

in the pairwise comparison with the mono-species native millipede treatment (MS).   In 

terms of P levels, pairwise comparisons indicated significant differences between C-L and 

treatments containing high numbers of O. gracilis (mono-species O. gracilis (MO) and the 

high density (HD) treatments) for P content, P loss per unit of initial mass and P content as a 

proportion of initial content.  However, there were no significant differences in the pairwise 

comparisons between the two control treatments, or C-L and MS for these variables.  An 

interesting finding was the lack of any significant results in post hoc Tukey HSD pairwise 

comparisons between C+L and the four millipede treatments (MS, MO, LD and HD) (Table 

4.4).  However, pairwise comparisons between MS and high density treatments with O. 

gracilis (MO and HD) were significant for all variables (Table 4.5).   
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Table 4.5. Results of MANOVA (multivariate analysis of variance) and univariate statistics (F 
and p values) testing for effects of the six treatments on % initial mass remaining of mixed 
litterbags (%initial mass), final N and P concentrations (Nc and Pc), N and P loss per unit 
initial mass (N lossim and P lossim), and N and P loss as a proportion of initial content (N 
lossic and P lossic) for mixed litterbags in the June collection after 198 days incubation.  

 

 

 

There was a net gain in % N content of the mixed litterbags for the June collection in all 

treatments with the exception of the monospecies exotic millipede (MO) and high density 

(HD) combined species treatments, both of which recorded a net loss (Table 4.6).  The 

highest increase was in the monospecies native (MS) treatment followed by the control with 

litter (C+L) treatment (Table 4.6).    Levels of P were virtually static for the control without 

litter and high density treatments, with a gain in the remaining 4 treatments from the level 

at the start of the study (Table 4.6).  The highest gain in %P was in the monospecies native 

(MS) and control with litter (C+L) treatments which displayed a similar result to that for %N 

(Table 4.6).     

 

 

 

 

 

 

 

 

 

Value d.f F P

Treatment

Wilks' Lambda 0.37 35, 456.74 3.53 <0.0001

% initial mass 5, 114 14.55 <0.0001

Nc 5, 114 12.56 <0.0001

Pc 5, 114 6.98 0.093

Nlossim 5, 114 12.55 <0.0001

Plossim 5, 114 7.21 <0.0001

Nlossic 5, 114 12.69 <0.0001

Plossic 5, 114 7.1 <0.0001
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Table 4.6.  %N and %P of the mixed litter relative to mass at the outset (T0) of the study and 
final %N and %P and % gain or loss for the second harvest of mixed litterbags after 198 days 
incubation for the 6 experimental treatments. SE is the mean within-treatment standard 
error. 

 
  

Observed vs. expected mass loss 

Observed mass loss of the mixed litter showed significant non-additive effects compared to 

the rates predicted based on decay of the component pure litters (F5,114 = 4.11, P = 0.0018; 

Figure 4.4).  While the effect of collection time was not significant (Wilks’ Lambda = 0.99, 

F1,114 = 1.43, P = 0.2351), there was a significant interaction between time and treatment on 

observed versus expected mass loss of the mixed litter (Wilks’ Lambda = 0.86, F5,114 = 3.76, P 

= 0.0085).  The post hoc Tukey test revealed a significant difference in observed compared 

with expected percentage mass remaining for the control without litter or millipedes (C-L) 

and the high density combined millipede species treatment (HD) (P = 0.002) and between 

the control with litter but no millipedes (C+L) treatment and the high density (HD) 

treatment (P = 0.009) (Figure 4.4). 

 

Generally, non-additive effects were apparent in the first collection in April for the control 

with litter (C+L), and all the millipede treatments with the exception of the high density (HD) 

treatment and in all cases the percentage of initial mass remaining was higher than 

expected from the decomposition rate of the component pure litters (Figure 4.4).  In the 

second collection in June the non-additive effects only applied to the native millipede 

treatment (MS) and the high density (HD) treatments and, as was the case in the April 

collection the percentage of initial mass was higher than that expected for the pure litters 

(Figure 4.4).  The only treatments with decomposition rates slightly less than those obtained 

for the component pure litters were the control without litter or millipedes (C-L) and the 

%N %P 

Treatment %N(SE) % (+) gain %P(SE) % (+) gain

 (-) loss (SE) (-) loss (SE)

Mixed litter T0 1.02 (0.002) − 0.053 (0.000) −

Control-litter-millipedes (C-L) 1.10 (0.03) (+)8.03 (3.39) 0.053 (0.002) (+) 0.56 (3.13)

Control+litter-millipedes (C+L) 1.11 (0.06) (+)9.04 (4.27) 0.064 (0.003) (+)21.06 (5.39)

Mono-species native (MS) 1.12 (0.04) (+)10.24 (3.47) 0.067 (0.002) (+)26.88 (4.36)

Mono-species exotic (MO) 1.01 (0.04) (-)2.22 (4.04) 0.056 (0.003) (+) 5.09 (5.65)

Low density combined (LD) 1.09 (0.05) (+)7.09 (4.31) 0.064 (0.003) (+) 21.76 (5.79)

High density combined (HD) 0.95 (0.03) (-)7.05 (3.21) 0.053 (0.004) (+) 0.67 (6.99)
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control with litter but no millipedes (C+L) but these differences were not significantly non-

additive (Figure 4.4). 

 

 

 
 

Figure 4.4.  Values ((obs-exp)/exp) of litter mass remaining for the mixed litterbags 
containing equal proportions of puriri, rewarewa and mahoe litter for the 6 treatments for 
the April harvest (dark grey bars) after 116 days incubation and the June harvest (pale grey 
bars) after 198 days incubation.  Error bars represent 95% confidence intervals.  Treatments 
for which CIs do not cross y=0 are considered to be significantly non-additive.  Bars sharing 
the same letter are not significantly different, Tukey’s honestly significant difference (P > 
0.05). 
 

4.4.3 Soil nutrients 

There were significant treatment effects on soil variables, including humus pH, and levels of 

ammonium (NH4) and phosphorus (Olsen P), but the effect on nitrate (NO3) was marginally 

non-significant (P < 0.09) (Table 4.7).  Humus pH levels increased across all treatments from 

the initial mean level of 5.6 (SE 0.03) at the start of the experiment, with the highest level in 

the monospecies native (MS) (Figure 4.5(a)).  The results of the post hoc Tukey’s test 

indicated that there were significant differences in pairwise comparisons between the four 

millipede treatments and the two control treatments (Figure 4.5(a)).  
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Figure 4.5. Comparison of mean with standard error of: (a) humus pH and (b) nitrate (NO3-
N), (c) ammonium (NH4-N) and (d) phosphorus (P Olsen) in humus samples collected in 
November 2010 at the conclusion of the experiment after 12 months from all microcosms 
and treatments.  Bars sharing the same letter are not significantly different, Tukey’s 
honestly significant difference (P > 0.05). 
 

 

Nitrate (NO3) levels declined by two orders of magnitude in all microcosms from the mean 

level of 275.23 (SE 19.27) mg/kg at the start of the experiment.  The greatest loss was 

recorded in the high density treatment (HD), and the least in the monospecies native 

millipede treatment (MS) (Figure 4.5(b)).  Ammonium (NH4) levels in the humus at the 

conclusion of the study increased substantially across all treatments from the initial level of 

5.42 (SE 0.29) mg/kg with the highest increase in the high density (HD) millipede treatment 

where NH4 levels were around 15 times higher than the initial figure (Figure 4.5(c)).   

 

 

 

 

 

 

 

(a) 
(b) 

(c) (d) 
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Table 4.7. Results of MANOVA (multivariate analysis of variance) and univariate tests (F and 
P values) for effects of the six treatments on humus pH, and levels of nitrate (NO3-N), 
ammonium (NH4-N) and phosphorus (P Olsen) in humus samples from each microcosm at 
the conclusion of the study in November 2010 after 12 months. 

          
 Value d.f F P 
          

Treatment     
Wilks' Lambda 0.25 20, 410.13 7.53 <0.0001 
     
Humus pH  5, 114 31.71 <0.0001 
NO3-N  5, 114 1.94 0.093 
NH4-N  5, 114 12.71 <0.0001 
P Olsen  5, 114 15.48 <0.0001 
          
          

 

Phosphorus levels (P Olsen) declined sharply across all treatments from the mean level of 

31.95 (SE 0.49) mg/kg at the start of the experiment to about half that level in the control 

without litter (C-L) treatment.  Treatments containing the greatest populations of O. gracilis 

maintained the highest levels of this mineral (Figure 4.5(d)).  As was the case with NH4 

content, there was a significant difference between all millipede treatments and the control 

without litter (C-L) treatment and between the high density (HD) and monospecies O. 

gracilis (MO) treatment and the control with litter (C+L) (Figure 4.5(d)). 

  

 

4.4.4 Plant growth and foliar nutrients 

There were significant treatment effects on plant weight (g), %P content and N:P ratios of 

year 2 leaves at the conclusion of the experiment, but differences between treatments in 

year 2 leaf mass and %N content of year 2 leaves were not significant, and total leaf mass 

was slightly outside the P < 0.05 level of significance (Table 4.8).  Plant height at time of 

planting was used as a covariate to allow for inherent differences in seedling growth rates in 

the model, but the MANOVA results did not display a significant multivariate effect (Table 

4.8), thus the hypothesis that plant growth rates at the start of the experiment would 

continue to exert an effect on plant performance during the course of the study was not 

supported.    
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Table 4.8.  Results of manova (multivariate analysis of variance) Wilks’ Lambda and 
univariate statistics for the effects of treatment on plant dry weight (g), total leaf mass (m2), 
year 2 leaf mass (g), and year 2 leaf %N, %P and N:P ratios.  Plant height (cm) at time of 
planting (T0) represents inherent differences in plant growth rates and is used as a covariate 
in the model.  

 
 

 

The puriri seedlings survived well in all treatments with the death of only one plant in the 

monospecies O. gracilis treatment.  There was a gradually increasing trend in total plant 

biomass with the lowest weight overall in the control without litter (C-L) treatment and 

higher weights in the control with litter and millipede treatments (Figure 4.6(a)).  The Tukey 

pairwise comparisons indicated a significant difference in weight between the control 

without litter (C-L) and the high density (HD) treatment (Figure 4.6(a)).  Production of 

second year leaves was similar for the control without litter (C-L) and all four millipede 

treatments but lower for the control with litter only (C+L), which was also the case with 

total leaf mass which was lower for this treatment compared with the other treatments 

(Figure 4.6(a)).   

  

Value Plant height (cm) T0 Value Treatment

d.f F P d.f F P

Wilks' Lambda 0.92 6, 107 1.48 0.19 0.50 30, 430 2.68 <0.0001

plant dry weight (g) 1, 112 3.02 0.08 5, 112 2.79 0.02

Total leaf mass 1, 112 0.51 0.48 5, 112 2.06 0.07

Year 2 leaf mass 1, 112 1.53 0.22 5, 112 1.89 0.10

Year 2 leaf %N 1, 112 1.17 0.28 5, 112 1.74 0.13

Year 2 leaf %P 1, 112 1.14 0.29 5, 112 4.96 <0.0001

Year 2 leaf N:P 1,112 0.05 0.82 5, 112 3.58 0.005
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Figure 4.6. Mean (with standard error) (a) plant dry weight (g) and (b) leaf area (m2) of puriri 
seedlings in the six experimental treatments at the cessation of the experiment in 
November 2010.  In figure (b) the dark grey bars represent mean total leaf area (m2) at the 
end of the study while the light grey bars represent mean leaf area (m2) of the new (T2) 
second year leaves produced since the start of the treatment regimes in November 2009 
until its conclusion in November 2010. Bars sharing the same letter are not significantly 
different, Tukey’s honestly significant difference (P > 0.05). 
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There were no significant differences between treatments in %N in the second year leaves 

at the conclusion of the study (Table 4.8).  All treatments displayed a marked decline in 

foliar % N levels from the mean of 1.86% (SE 0.18) obtained for the 10 baseline samples 

prior to the instigation of the treatments.  The greatest decline was in the four millipede 

treatments, with the two control treatments showing slightly higher levels of %N (Figure 

4.7(a)).  In contrast to %N, there was a significant difference in %P between treatments 

(Table 4.8).  All treatments recorded declines in % P in the year 2 leaf samples (Figure 4.7(b)) 

from the mean of 0.30 (SE 0.03) for 10 samples at the outset of the treatment regimes.  The 

decline was least pronounced in the control without litter (C-L) treatment, with similar levels 

in the control with litter (C+L) and three of the millipede treatments (MS, MO and LD), with 

a slightly higher level of %P in the high density millipede treatment (Figure 4.7(b)).  The post 

hoc Tukey test revealed a significant difference in pairwise comparisons between C-L and 

C+L, and between C-L and the MS, MO, and LD millipede treatments (Figure 4.7(b)).   

 

The mean N:P ratio of the ten baseline samples at the start of the treatments was 6.13 (SE 

0.43) and there was a marked increase in the mean N:P ratios for all treatments with the 

exception of the control without litter treatment (Figure 4.7(c)).  The control with litter 

treatment recorded the highest increase at ~ 60%, closely followed by the monospecies 

exotic millipede treatment at 55%.  There was a significant difference in the N:P ratios in 

pairwise comparisons between the two controls, and between the control without litter and 

the monospecies exotic millipede treatment (Figure 4.7(c)).  
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Figure 4.7.  Recorded leaf mean (standard error) of (a) %N,  (b) %P content, and (c) foliar N:P 
ratios of one pair of second year leaves from puriri (V. lucens) seedlings in each microcosm 
at the conclusion of the experiment after twelve months.  Bars sharing the same letter are 
not significantly different, Tukey’s honestly significant difference (P > 0.05). 
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4.5 Discussion 

The results of this study revealed that the decomposition rates of palatable, high nutrient 

litters were accelerated in the presence of the exotic millipede, O. gracilis.  The native 

species, S. antipodarus, which had a substantially lower biomass at the cessation of the 

study than O. gracilis, did not significantly enhance litter decay of puriri and mahoe litter in 

the monospecies treatment above the rates achieved by microbial decomposers.  Neither O. 

gracilis nor S. antipodarus increased the decay rates of the unpalatable litter, rewarewa 

compared to the controls, and observed decomposition rates of the mixed litters comprising 

all three litter species (rewarewa, mahoe and puriri) were lower in all the millipede 

treatments than predicted rates based on the decomposition of the litter monocultures.  

The higher rates of decay of mahoe and puriri litters in the presence of O. gracilis resulted in 

faster mobilisation of N and P from the mixed litters.  High populations of O. gracilis also 

resulted in altered levels of soil nutrients in treatments containing this species compared to 

the controls and the monospecies native millipede treatment.  Soil nitrogen in the form of 

NH4 displayed an increase in millipede treatments compared to the controls, but the 

increase was most substantial in treatments with O. gracilis, and was associated with a 

steep rise in pH levels compared to initial levels and those in control treatments.  In 

contrast, NO3 levels declined substantially from initial levels in all treatments including the 

controls, with the lowest levels in the high density combined species millipede treatment.  

Plant available P (Olsen P) levels also declined from levels at the start of the experiment but 

treatments with O. gracilis maintained higher levels of this nutrient.  Despite the generally 

higher levels of soil N and P in treatments containing O. gracilis, there was no significant 

positive effect on growth rates and nutrient uptake of the puriri seedlings.  Instead, the low 

foliar N:P ratios suggests that N was limiting in all treatments.  Despite the magnitude of the 

increase in biomass (g) of the exotic millipede species, there was no evidence of 

interspecific competition between the two species.  

 

4.5.1 Millipede survival and reproduction 

The hypothesis that the exotic millipede, O. gracilis, would have a negative effect on survival 

and reproduction of the native species S. antipodarus because of interspecific competition 

for resources or habitat was not supported by the results.  Both millipede species had high 
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rates of survival in the microcosms and reproduced and increased in abundance during the 

study.  The high population levels attained by O. gracilis were consistent with previous field 

studies where this species has been found to reproduce rapidly and reaches high population 

densities in conditions that include adequate litter resources and favourable moisture and 

temperature levels (Causey, 1943; O'Neill and Reichle, 1970).  The rapid population growth 

of O. gracilis in this study is likely to have occurred as a result of favourable and consistent 

abiotic conditions in the microcosms and the availability of high quality litters during the 

course of the study.  It is unlikely that survival of O. gracilis juveniles would be as high in 

field conditions because of possible limitation of litter resources and more extreme 

temperature and moisture levels than existed in the microcosms.   

 

It is difficult to evaluate the performance of the native millipede S. antipodarus in the 

microcosms in the absence of any research on the ecology and reproductive rates of this 

species in native habitats.  However, observations of laboratory colonies have revealed that 

S. antipodarus is a long-lived species (> 3 years) (pers. obs.) in contrast to O. gracilis which 

usually completes its lifecycle in about 1 year (Hopkin and Read, 1992).  The final density of 

S. antipodarus in microcosms where it had reproduced was generally higher than in field 

conditions where one or two individuals would usually be found per 25 cm2 quadrat.  A 

surprising result was that high densities of O. gracilis did not appear to have a negative 

impact on survival of S. antipodarus in the low density treatment where there was only one 

individual, and survival and reproduction of S. antipodarus in the low or high density 

combined species treatments, compared with the monospecies native millipede treatment.  

Thus, there was no support for the hypothesis that S. antipodarus would be outcompeted 

by the exotic species, even though the final biomass of O. gracilis at the end of the study 

was substantially higher than was likely to be encountered in the field.  There is limited 

research on competition between native and non-native millipedes, but the findings are 

consistent with those of Griffin and Bull (1995) who studied interactions between the 

invasive millipede Ommatoiulus moreleti and two co-occurring native species in South 

Australia where the native species showed no differences in habitat choice or aggregating 

behaviour when alone or combined with O. moreleti (Griffin and Bull, 1995).   
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The finding that the two millipede species used in this study could successfully co-exist may 

be related to niche segregation.  Spirobolellus antipodarus is commonly found in humus and 

under or within pieces of dead wood, rather than in the litter layer (pers. obs.) and field 

sampling revealed that this species had higher abundance in dead wood and was also 

collected in low nutrient litters including rewarewa (Knightia excelsa) (Chapter 3).  In 

contrast, O. gracilis adults were found mainly in the pitfall traps and leaf litter (Chapter 3), 

although early stadia juveniles were often located in the humus where they construct 

moulting chambers (pers. obs.). These observations are in accordance with other studies on 

co-existing millipede species.  While sympatric millipede populations appear to occupy the 

same niche and therefore compete for the same resources, each of the co-existing millipede 

species in oak forest habitats occupied one predominant microhabitat, thereby reducing 

interspecific competition (O'Neill, 1967).  Similarly litter consumption by two co-existing 

European millipede species, Glomeris marginata and the julid species Cylindroiulus 

londinensis, in Mediterranean holm oak forests revealed different litter preferences 

between the two species and possible complementarity in feeding habits as the capacity for 

julid millipedes to attack bark and wood as well as leaf litter appeared to facilitate litter 

consumption by G. marginata (Bertrand and Lumaret, 1992).  Habitat preferences of two 

closely related millipede species Centrolbolus richardii (Lawrence, 1967) and C. fulgidus 

(Lawrence, 1967) co-existing in coastal dune forests in South Africa revealed seasonal 

habitat differentiation with differences in distribution according to vegetation strata during 

summer and dormancy by one species during the winter (Greyling et al., 2001).    

 

While there was no evidence of interspecific competition between O. gracilis and S. 

antipodarus, it is possible that O. gracilis could compete with other native millipede species 

and/or soil fauna with similar microhabitat requirements.  O. gracilis is a polydesmid 

millipede and could potentially compete with the native polydesmids including Icosidesmus 

hochstetteri (Dalodesmidae) which was the most abundant native millipede species in puriri 

litter at three sites in the Waitakere Ranges (Chapter 2), but Icosidesmus sp. showed 

substantially reduced abundance in urban reserves on the North Shore, even those beneath 

a puriri canopy (Chapter 3).  While anthropogenic factors such as habitat size and reserve 

age appeared to have a significant effect on the distribution of Icosidesmus sp. in urban 
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reserves, the possibility of interspecific competition with exotic millipedes warrants further 

exploration. 

 

The higher rates of reproduction and population growth of O. gracilis in the low density (LD) 

treatment compared with the monospecies exotic (MO) and high density (HD) treatments 

indicates possible intraspecific competition between individuals of this species.  There is 

limited research on intraspecific competition in millipede species, but intra-specific 

competition has been studied in other functionally similar decomposers including isopods 

where interference rather than competition for food resources has been found to be an 

important factor in the control of isopod populations  (Ganter, 1984; Grosholz, 1992).   

 

4.5.2 Litter decomposition 

The hypothesis that litter decomposition rates would increase in the presence of millipedes 

was only supported for the exotic species, O. gracilis and only for the two high nutrient 

litters, puriri and mahoe.  The native millipede, S. antipodarus did not enhance 

decomposition rates of puriri and mahoe litters in the monospecies treatment where decay 

rates were similar to those displayed in the microbial control (C+L).  None of the millipede 

treatments had a significant effect on the rates of decay of rewarewa litter compared to the 

control treatments, suggesting this litter was not consumed by either O. gracilis or S. 

antipodarus during the course of the study, even in the high density treatment.   

 

The finding that selective feeding by high populations of the exotic millipede O. gracilis on 

the high nutrient litters, accelerated their rates of decay, is consistent with other studies 

where litter preference by millipedes has been shown to affect the decay rates of preferred 

species (Carcamo et al., 2000).    It is also consistent with the results of the field surveys 

where O. gracilis was only found in high quality litters including puriri (Chapter 2) and 

mahoe and puriri (Chapter 3); and preferentially aggregated on puriri and mahoe rather 

than rewarewa, taraire (Beilschmiedia tarairi) or karaka (Corynocarpus laevigatus) in the 

litter preference study (Appendix 2). In this study, juvenile individuals of O. gracilis were 

dominant in the microcosms for both harvests of the litterbags.  Juvenile millipedes have 

weak mouthparts so while they may feed on a wide range of plant litter they will tend to 
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consume soft decomposing tissue (Brade-Birks, 1930; Cloudsley-Thompson, 1958).  O. gracilis 

is unable to degrade ligneous compounds (Neuhauser and Hartenstein, 1978) which would 

explain its inability to degrade rewarewa litter during the short period of this study.  It is 

possible that over time, greater microbial colonization and decomposition of rewarewa 

litter would enhance its palatability to both S. antipodarus and O. gracilis (Moore et al., 

2006).  

 

The lack of a positive effect on the decay of puriri and mahoe by S. antipodarus may have 

been because native millipede density in this treatment was too low to detect an effect 

substantially different to that displayed by the microbial decomposer community.  It may 

also indicate that S. antipodarus not only consumes leaf litter but also dead wood and the 

associated microorganisms, in common with julid millipedes such as Cylindroiulus 

britannicus (Blower, 1985) or possibly humus (Hopkin and Read, 1992).  Spirobolellus 

antipodarus have been observed in the laboratory aggregating on and within pieces of dead 

wood where millipede frass has also been evident; and field sampling has revealed that this 

species is often located within or in association with coarse woody debris and was also 

collected from within the humus rather than leaf litter (pers. obs.).  

 

Mixed litter decomposition and nutrient levels 

The results supported the hypothesis that there would be non-additive effects in the mass 

loss of the mixed litters in the different treatments, where observed decomposition rates 

varied from those predicted from the rates displayed by the component pure litters.  

However, the hypothesis that the presence of millipedes would enhance the decay of the 

mixed litter was not supported as observed decay rates in the millipede treatments were 

generally lower than predicted levels.  This may be explained by selective feeding by 

millipedes on the palatable litters (mahoe and puriri) in the bags, with the result that the 

residual litter in the bags was predominantly the slow decomposing rewarewa litter.  The 

observed contents of the mixed litterbags at the time of collection support this explanation, 

as the contents were primarily rewarewa litter with the residual stalks and leaf veins of the 

puriri and mahoe litters.  Thus, in the millipede treatments the decay rate of rewarewa litter 

was not accelerated as a result of its proximity to high quality litters.  In contrast, while not 

significant, the observed decay rates of the mixed litters in the two controls was higher than 
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predicted in the second harvest, suggestive of a positive effect of litter mixing on decay 

dynamics in these treatments.  The results are consistent with other studies which show low 

or limited effects of soil meso- and macrofauna on decay rates of diverse litters because 

selective consumption by the soil fauna caused rapid breakdown of the high quality litters in 

the mix (Schädler and Brandl, 2005; Thomas, 1968).    

 

Nutrient mobilisation was accelerated in the monospecies exotic and high density 

treatments.  Those microcosms with the highest populations of O. gracilis showed the 

greatest net loss of N from the mixed litterbags at the second harvest after 198 days 

incubation, thus supporting the hypothesis that treatments containing the highest densities 

of soil fauna would enhance mineralisation of nutrients from decomposing litter.  The other 

treatments all recorded a net gain in N of the residual litter, indicating immobilisation of N 

in the microbial biomass (Moore et al., 2011).  There was a net gain of P in all treatments, 

but the gains were negligible in the high density and control without litter treatments, again 

indicative of release of P from the litter.  The gains in N in the low density exotic millipede 

treatment and the monospecies native millipede and two control treatments, would suggest 

a transfer of N from the high quality litters (mahoe and puriri) to the low quality rewarewa 

litter which formed the bulk of the residual litter of the mixed bags at the cessation of the 

study and possible immobilisation of N in microbial biomass.  In contrast, the two 

treatments with high populations of O. gracilis showed a net loss or mineralization of N, 

which is consistent with the findings of other studies which show that soil fauna stimulate N 

release from decomposing litter (Anderson et al., 1983; Anderson et al., 1985; Setälä et al., 

1990; Tian et al., 1992; Vedder et al., 1996).   

 

4.5.3 Soil nutrients 

The hypothesis that millipedes enhance decomposition rates and nutrient release and 

would therefore positively affect soil nutrient levels was supported in part by the results 

which revealed higher soil pH, NH4 and P levels in the millipede treatments compared to the 

controls.  However, NO3 levels were lower across all treatments compared to those at the 

start of the experiment, suggesting that millipede treatments either had no effect on the 

mobilisation of N as NO3, or that they inhibited nitrification.  While there was a decline in P 
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from initial levels, the millipede treatments and control with litter treatments showed 

higher levels of this nutrient, suggesting enhanced mobilisation of P as a result of millipede 

feeding activities and microbial decomposers.   

 

Ammonium (NH4) dominated the available forms of N in all treatments at the cessation of 

the study, a reversal of the situation at the start of the experiment where NO3 levels were 

substantially higher than those for NH4.  The highest NH4 levels were associated with the 

highest biomass of O. gracilis which is not surprising as NH4 is a by-product of animal 

excretion.  The results are consistent with the increases in soil pH and NH4 levels reported in 

many studies due to the presence of soil fauna.  For example, soil pH and NH4 levels 

increased in the presence of microorganisms and soil fauna in coniferous soil (Setälä et al., 

1990; Vedder et al., 1996) and deciduous woodlands (Anderson et al., 1983).  Litter 

fragmentation by the millipede Harpaphe haydeniana haydeniana Wood significantly 

affected the release of NH4 as a result of the transformation of litter into frass, most notably 

in litters with a high N content (Carcamo et al., 2000).  Other studies have also reported 

reductions in NO3 levels in the presence of soil fauna.  For example, lumbricid worms and 

the millipede Iulus scandinavius failed to enhance N mobilisation as NO3 in decomposing oak 

litter, except in treatments including both worms and millipedes (Anderson et al., 1983).  

Similarly, high densities of geophagous larvae of the train millipede (Parafontaria laminata) 

promoted nitrogen mineralisation into NH4 as a result of millipede excretions but not 

nitrification of NH4 into NO3 (Fujimaki et al., 2010).   

 

The reasons for the decline in NO3 levels could be related to either millipede grazing 

pressure on the microbial flora responsible for nitrification and/or the effects of higher pH 

levels inhibiting the nitrification process.  Examination of the effects of millipedes on 

microbial communities in the microcosms was beyond the scope of this study.  However, 

invertebrate grazing on soil microbes has been postulated as possibly affecting microbial 

processes (Bardgett and Chan, 1999).  A further impediment to nitrification may have arisen 

as a result of higher soil pH which is known to alter soil nutrients by affecting the microbial 

communities regulating nitrification processes (Osler and Sommerkorn, 2007).  If the 

residues are rich in N they generally decompose readily and quickly to ammonium-ion and 

the surplus mineral N becomes available to plants (Waid, 1969).  However, under alkaline 
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conditions it is possible for so much ammonia to be formed and accumulate in the vicinity of 

decomposing plant residues that the levels are toxic to nitrifying bacteria (Smith, 1964; 

Waid, 1969).   

 

4.5.4 Plant performance and nutrient uptake 

The higher rates of nutrient cycling in the millipede treatments, especially those containing 

O. gracilis, did not result in increased leaf production rates of the puriri seedlings or higher 

levels of N and P in new leaves produced during the course of the study.  Thus the 

hypothesis that plant growth would be enhanced in treatments with millipedes was not 

supported.  Levels of foliar N and P declined across all treatments during the course of the 

study, suggesting that release of N and P as a result of enhanced decomposition processes 

did not translate into increased levels of these nutrients in plant leaves.  Plants can only 

increase biomass if they obtain additional nutrients provided by the decomposer 

community (Cole et al., 2004).  The ratio of N:P of around six at the start of the treatments 

was indicative of nitrogen deficiency (Koerselman and Meuleman, 1996).  The N:P ratios 

increased in the millipede and the control with litter treatments during the course of the 

study but the highest level of around 9.8 in the control with litter treatment was still well 

below the level of 14 in which nitrogen availability is less likely to be limiting to plant growth 

(Güsewell, 2004; Koerselman and Meuleman, 1996).  

 

The positive influence of exotic millipede biomass on mineralisation of N and P and the lack 

of a positive effect on plant performance and nutrient uptake appears to contradict the 

many studies which have reported the beneficial effects of soil fauna on plant growth and 

nutrient levels arising from increased nutrient availability (Förster et al., 2006; Setälä and 

Huhta, 1991).  However, there are few studies on the effects of invasive soil fauna on plant 

performance, with the exception of invasive earthworms.  Earthworms generally have a 

positive effect on plant growth in agricultural systems (Scheu, 2003), but invasive 

earthworms in North American forests have been shown to have deleterious effects on rare 

plant species (Gundale, 2002), plant growth and community composition (Hale et al., 2006; 

Holdsworth et al., 2007) seed abundance (Hopfensperger et al., 2011) and have also been 

found to consume seedlings (Eisenhauer et al., 2010).      
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Availability of nitrogen is generally considered to limit plant growth rates and the release of 

this element from decaying organic matter is often correlated with plant productivity 

(Seastedt, 1984).  The main sources of nitrogen for plant uptake are ammonium (NH4) in 

acid soils and nitrate (NO3) in alkaline and neutral soils and a number of studies have 

reported that different plant species perform better in either NH4 or NO3 or a mixture of 

both (Gigon and Rorison, 1972; Olsson and Falkengren-Grerup, 2000).  The effect of 

millipede treatments in increasing pH levels in the microcosms may be because the release 

of NH4 increases soil alkalinity (Vedder et al., 1996) and furthermore plant species taking up 

NO3 in preference to NH4 from soils containing both may induce higher pH levels (Gigon and 

Rorison, 1972).   The finding that NH4 accumulated at a much higher level and was 

associated with a corresponding decline in NO3 suggests that the puriri seedlings had a 

preference for NO3 as their nitrogen source.  If high abundance of exotic macroinvertebrates 

leads to higher levels of NH4, this will tend to favour the growth of plant species that 

preferentially use NH4 as their nitrogen source which may alter plant community 

composition.  Further research is warranted on the effects of NO3 compared to NH4 on rates 

of growth and nutrient uptake of a range of New Zealand native plants in order to assess the 

likely effects of invasive soil macroinvertebrates.   

 

The findings that litter processing by O. gracilis and increased N levels in the form of NH4 did 

not enhance nutrient uptake by the puriri seedlings highlights the limited knowledge of the 

exact changes in litter biochemistry after digestion and excretion by soil fauna (Prescott, 

2010; Rawlins et al., 2006).  It has long been assumed that soil fauna increase rates of litter 

decomposition, because of the observed disappearance of litter in the habitats which 

include soil macrofauna and the generally higher nutrient availability in these ecosystems 

(Suzuki et al., 2013).  However, this assumption has been questioned as a result of recent 

studies demonstrating that litter processing by saprophagous invertebrates such as 

millipedes may not enhance decomposition rates because of the recalcitrant nature of 

faecal material and its low level of microbial activity compared to the original litter material 

(Gillon and David, 2001; Rawlins et al., 2007; Rawlins et al., 2006; Seeber et al., 2008; Suzuki 

et al., 2013).  Thus in this study, while NH4 levels were high because of millipede excretion, 

there may not have been substantial differences in actual litter decomposition rates 
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between millipede treatments and between the control with litter treatment which 

included microbial decomposers, if decay rates of millipede faecal material and leaf litter 

are similar.  Analysis of millipede faecal material was not performed in our study, but would 

warrant investigation in any future work.    

 

There is a possibility that the millipedes were consuming roots as well as the leaf litter.  

Most studies have assumed that leaf litter is the primary food resource for soil fauna 

(Pollierer et al., 2007) but some studies suggest that roots and root exudates may play a 

significant role in the nutrition of soil animals (Albers et al., 2006; Endlweber et al., 2009; 

Pollierer et al., 2007).  Some millipede groups including Polydesmidae and Julidae are known 

to feed on root material (Gunn and Cherrett, 1993; Hopkin and Read, 1992) and Oxidus 

gracilis has been reported feeding on plant roots and shoots (McDaniel, 1931).  Therefore in 

this experiment, puriri root growth may have been impaired in treatments with high 

populations of O. gracilis, possibly counteracting any benefit of higher nutrient levels.  

 

4.6 Conclusions 

The results of this study indicate that high populations of the exotic millipede O. gracilis 

increased the disappearance rate of high nutrient litters, and the release of N and P from 

litter.  These millipedes increased the level of soil nutrients including NH4 and Olsen P, thus 

supporting the hypotheses that this invasive species would affect the rates and timing of 

decomposition and nutrient mobilisation.  A notable feature of the results was O. gracilis 

selectively consuming high nutrient litters which resulted in than lower than expected decay 

rates of the diverse litter mixture.  These findings have implications for litter resources in 

native forest sites that have been invaded by O. gracilis and other exotic millipede species 

including the European julid Cylindroiulus britannicus, both of which can be highly abundant 

in high nutrient litters in native forests (Chapter 3).  Accelerated decomposition of highly 

palatable litters by exotic macroinvertebrates could potentially reduce the availability of 

these resources for native litter fauna, although there was no evidence of competition in 

this experiment with S. antipodarus.  The slower than predicted rate of decay of the mixed 

litters in the presence of millipedes suggests that high abundance of introduced millipedes 
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and selective feeding on high quality litters could result in slower decay of recalcitrant litters 

in mixed species forests, thereby changing decomposition dynamics in these ecosystems.   

 

The decline in NO3 levels across all treatments, but most notably the high biomass exotic 

millipede treatments indicate that the presence of millipedes may inhibit nitrification of NH4 

to NO3 possibly as a result of grazing by millipedes on nitrifying microorganisms.  Increased 

soil alkalinity because of higher pH levels combined with high levels of NH4 may also have 

inhibited nitrification.  This study highlights the need for further research to elucidate the 

impacts of exotic millipedes on microbial processes in natural ecosystems.  Soil pH is also 

known to affect soil nutrient levels, and increased soil alkalinity because of higher pH levels 

combined with high levels of NH4 may also have inhibited nitrification.  Millipedes increased 

NH4 levels but this did not increase growth rates or nutrient uptake of the puriri seedlings, 

possibly because they preferred nitrogen in the form of NO3 rather than NH4.  Further 

research is required to test this hypothesis as it may have important implications for plant 

community structure in habitats invaded by exotic soil fauna.  Further research on 

consumption of living plant material by both native and exotic millipedes should also be 

undertaken, to determine whether exotic soil fauna may impede seedling recruitment in 

native forest ecosystems by consuming the roots of seedlings.  The findings suggest that 

exotic millipedes may have substantial and complex effects on decomposition dynamics, 

thereby affecting rates of nutrient cycling and soil fertility by changing both the relative 

quantities and the chemical nature of soil nutrients particularly nitrogen.     
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5  Discussion and conclusions 

 

5.1 Overview  

New Zealand has a diverse assemblage of introduced litter macroinvertebrates, including 

earthworms, snails, millipedes and isopods, many of which were recorded in the early part 

of the last century (Dawson, 1958; Hurley, 1950; Johns, 1962).  The focus of this thesis is on 

native and exotic millipede and isopod assemblages in native forest habitats as there is 

limited knowledge of species distributions and interactions, and the role of these groups in 

decomposition processes in these ecosystems.  The study had two broad aims.  The first was 

to increase understanding of the factors driving the abundance and distribution of native 

and exotic millipedes and isopods in native forests in the Auckland region.  The second aim 

was to quantify the impacts of a native and an exotic millipede species on the key 

ecosystem processes of decomposition and nutrient release and to determine whether 

differences between species in the rates and timing of these processes affected the rates of 

growth and nutrient uptake of the native plant species Vitex lucens (Figure 5.1).   

 

5.2 Factors influencing millipede and isopod communities  

Litter fauna communities are known to be structured by abiotic factors including 

temperature and moisture, soil qualities such as pH, and the quality of the litter resource, 

particularly levels of key nutrients (Lavelle, 1997; Loranger-Merciris et al., 2008).  

Morphological and physiological differences between plant species in characteristics such as 

leaf mass, turnover and decomposition rates lead to distinct spatial patterns with respect to 

quantity and quality of the litter layer (Vohland and Schroth, 1999; Wardle et al., 2004).  The 

creation of distinct chemical environments in the soil by different plant species results in 

bottom-up control of the decomposer food web (Bardgett et al., 1999; Negrete-Yankelevich 

et al., 2008; Wardle et al., 2003).    Thus litter palatability varies between tree species and 

strongly influences the distribution of soil fauna (Warren and Zou, 2002).  Increasingly, 

anthropogenic disturbance has become an important factor affecting the distributions and 

abundance of insects and other invertebrates including litter fauna, in  particular habitat 

loss and increasing fragmentation and isolation of the remaining habitat (Didham et al., 
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1996), which may facilitate invasion by exotic invertebrate decomposers (Lilleskov et al., 

2010; Lilleskov et al., 2008).  This thesis addressed two key issues relating to millipede and 

isopod species distribution in native forest habitats: (1) the significance of tree species 

identity and litter species composition as explanatory variables of millipede and isopod 

richness and abundance and community composition in native forest habitats; and (2) the 

importance of factors relating to anthropogenic disturbance such as fragment size, age and 

isolation of habitat patch, and those factors specific to the site (e.g. canopy tree identity, 

litter quantity and composition, and quantity of coarse woody debris (CWD)) in explaining 

the abundance and richness of millipede and isopods in native forest fragments located 

within a suburban-rural matrix (Figure 5.1). 

 

5.2.1 Canopy tree species – litter quality 

Associations between different plant species and soil invertebrates have received very little 

attention in New Zealand ecosystems.  The primary aim of the field survey in native kauri 

(Agathis australis)-broadleaf forest in the Waitakere Ranges was to determine firstly, 

whether millipede communities varied beneath the canopy of different tree species; and 

secondly whether this habitat had been invaded by exotic species.  Millipedes were sampled 

with pitfall traps in tree plots dominated by either puriri (Vitex lucens), kauri (Agathis 

australis) or kanuka (Kunzea ericoides).   

 

There was higher millipede abundance and diversity in litter with a high percentage of puriri 

litter compared to kanuka and kauri litters, thus tree species identity had a significant effect 

on millipede abundance and species richness in this study (Figure 5.1).  A notable finding 

was that while the millipede fauna was predominantly native, two exotic species, the 

European julid Ophyiulus pilosus, and the cosmopolitan polydesmid Oxidus gracilis, were 

collected almost exclusively from puriri study plots.  O. pilosus was the second ranked 

species in abundance and was a dominant species in puriri litter at all sites, suggesting that 

it has successfully invaded the detritivore community in northern kauri-broadleaf forest 

which contain puriri trees.   Litter composition was also a significant driver of abundance of 

the two most abundant native species, Icosidesmus hochstetteri (Dalodesmidae) and 

Siphonethus sp..  However, abundance of I. hochstetteri was associated with kanuka tree 
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plots in broadleaf stands (PC1), while abundance of Siphonethus sp. was significantly higher 

in puriri litter (PC3).  The findings were consistent with other research in which the 

distribution and species abundance of millipedes varies with tree species, and is influenced 

by litter nutrient quality (Kadamannaya and Sridhar, 2009; Loranger-Merciris et al., 2008).  

Puriri litter had relatively high N and P levels compared to other broadleaf tree species 

(Appendix 2) which contrasts with the well documented low N levels and high C:N ratio of 

kauri litter (Enright and Ogden, 1987; Silvester, 2000).  Therefore it is likely that the high 

millipede abundance and species richness in puriri tree plots was related to the higher 

nutrient levels and greater palatability of this litter compared to litters of kauri and kanuka.   

 

The importance of litter composition as defined by the PCA axes was also revealed in 

models of abundance of three exotic millipedes (Cylindroiulus britannicus, O. pilosus and O. 

gracilis) in forest fragments.  However, the significance of the different axes varied 

according to species, suggesting that these species have different habitat preferences.  

Litter composition  was also a significant factor in the model of the native species 

Spirobolellus antipodarus but this species displayed a negative association with PC1 which 

was correlated with litter of puriri (Vitex lucens), karaka (Corynocarpus laevigatus) and 

mahoe (Melicytus ramiflorus) and in fact this species was commonly collected in rewarewa 

(Knightia excelsa) litter .  Therefore a litter preference study was conducted to determine 

whether distribution and abundance patterns of these species were driven by litter quality 

(Appendix 2).  All three millipede species preferentially aggregated on the high nutrient 

(high N and P) puriri and mahoe litters (Appendix 2).  In the case of the two exotic species, 

these results were consistent with the findings of the field study, but aggregation by S. 

antipodarus in palatable litters in this preference study differed from the distribution 

patterns of this species in the field survey.  It is possible that the stage of decomposition of 

the rewarewa and taraire litters used in this experiment may not have been sufficiently 

advanced for these litters to be palatable to S. antipodarus.  However, an alternative 

explanation is competitive exclusion in field conditions.  Puriri and mahoe litters had the 

highest abundance and species richness of native and exotic millipedes and native isopods 

of all the litters investigated in this study.  It is possible that competition for litter resources 

excluded S. antipodarus from high nutrient litters at the field sites, but when offered the 

choice this species preferentially aggregated on mahoe and puriri litters.  
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All isopod species were native and litter composition was a strongly significant explanatory 

variable in the models for all three species, Philoscia pubescens, Spherillio sp. and Merulana 

sp. (Figure 5.1). 

   

 

Figure 5.1.  Key results from field surveys on the effects of litter characteristics and forest 
fragmentation on millipede and isopod abundance and species richness; and the microcosm 
study on the impacts of a native and an exotic millipede species on litter decay and nutrient 
release, soil nutrient levels and plant growth and nutrient uptake.  Elements of the 
flowchart coloured red relate to exotic millipedes, while those shown in shades of bright 
green indicate native millipedes and isopods and the native plant puriri (V. lucens).  The 
strength of the effects is shown both by the width of the arrows and by different levels of 
(+) or (-) alongside, where (+++) denotes a strong positive effect, and (++) and (+) indicate 
progressively weaker interactions.  Results that were neither strongly positive nor negative 
are shown by dashed lines with (+/-) noted alongside. 
 
 

This result is consistent with international studies which have demonstrated the importance 

of litter nutrient levels on isopod abundance and performance (Rushton and Hassall, 1983; 

Tuck and Hassall, 2004; Zimmer et al., 2003).  While isopod species composition did not vary 

substantially between the different reserves, abundance was occasionally very high in puriri 

tree plots.  The low isopod species diversity in this study has also been reported in overseas 

studies where isopod assemblages often comprise relatively few species (<10) in a specific 
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habitat (Vilisics and Hornung, 2009); and the very high abundance of a few species mean 

that they may gain dominance in disturbed areas (Hornung et al., 2007; Vilisics et al., 2007).  

Studies on the association of invasive detritivores with litter quality are rare but an 

invertebrate survey in the Canary Islands found a strong correlation between distribution 

patterns of invasive isopods and millipedes with tree species identity, with higher 

abundance collected in pitfall traps beneath laurel (Laurus novocanariensis) and other 

broadleaf trees (Arndt and Perner, 2008). Thus the results indicate a strong association 

between native isopods and exotic and native millipede abundance and species richness 

with highly palatable tree litters.  The results also indicate that the most diverse native 

isopod and millipede communities are also those with the highest abundance and diversity 

of exotic millipedes.  This pattern of distribution of exotic millipedes runs counter to the 

diversity-invasibility hypothesis in which diverse native communities are less likely to be 

invaded by exotic species (Elton, 1958; Shea and Chesson, 2002) because of community 

saturation and lower niche availability for invaders (Levine and D'Antonio, 1999).  However, 

the lack of support for this theory based on the findings of this study were consistent with 

the results of a survey of different arthropod functional groups in the Canary Islands where 

none of the groups surveyed showed a significant negative correlation between species 

richness of native and exotic species (Arndt and Perner, 2008). 

         

5.2.2 Disturbance – habitat fragmentation  

There is poor understanding of the impacts of habitat fragmentation on endemic species 

diversity and its role in facilitating the establishment of exotic species in native habitats.  

Therefore the importance of anthropogenic disturbance in structuring millipede and isopod 

distribution and community composition was examined in native forest fragments across a 

patch size gradient on the North Shore of Auckland city (Chapter 3).   

 

A notable finding was the presence of exotic millipedes in 16 out of the total of 20 reserves 

in this survey, with substantially higher abundance and diversity in small fragments (< 11 ha) 

than in larger fragments (Figure 5.2).  There were four exotic species in the collection, 

including the European julids Cylindroiulus britannicus and Blaniulus guttulatus, together 

with O. pilosus and O. gracilis which were present in the collections from the puriri tree 
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plots in the Waitakere Ranges.  This result highlights the effects of habitat fragmentation in 

facilitating the establishment of exotic millipede species and is consistent with European 

studies that have reported the presence of exotic millipedes in urban millipede assemblages 

and in forest fragments (Korsós, 1990; Korsós et al., 2002; Vilisics et al., 2012).    

 

A surprising result was that the high diversity and abundance of exotic species in small 

reserves was not associated with a significant decline in species richness and abundance of 

native millipede species in these locations (Figure 5.1).  Thus the hypothesis that native 

millipedes would be displaced by the exotic fauna in small reserves was not supported.  

Instead, the results suggest that exotic millipedes supplemented the native millipede fauna 

in small reserve fragments.  Furthermore, there was no strong evidence of higher diversity 

of native millipedes in larger forest fragments, and therefore the expectation that native 

millipede diversity would show a positive species-area relationship was not supported.  A 

similar result was found for isopods where the three species in the collection were all native 

and there was no support for our hypothesis of increased abundance and diversity of native 

isopod fauna in large forest fragments.  Instead the isopod abundance was strongly related 

to litter nutrient quality rather than variables associated with habitat fragmentation (Figure 

5.1).  These findings with respect to native millipede and isopod diversity were unexpected 

but similar results have been revealed in other studies where habitat heterogeneity rather 

than size has been a key determinant of diversity and abundance of invertebrates (Báldi, 

2008), soil macrofauna (Smith et al., 2006), millipedes (Korsós, 1990) and ants (Clarke et al., 

2008).   

 

Overall native millipede richness and abundance was not negatively affected by habitat 

fragmentation, but the key factors driving individual species abundance varied (Figure 5.1).  

The results indicate the possibility of changes in abundance of some native species with 

increasing disturbance.  Reserve size was a significant factor in the abundance of the native 

species Icosidesmus sp. which had lower abundance in small reserves, even in those with 

highly palatable puriri litter.  This was in contrast to the high abundance of Icosidesmus sp. 

in puriri tree plots in the Waitakere Ranges, and suggests that fragmentation and/or the 

presence of high numbers of exotic millipedes may have had a negative impact on the 

abundance of this genus.  In contrast to the Waitakere Ranges study, where Icosidesmus sp. 
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had the highest abundance, Siphonethus sp. was the most abundant and widely distributed 

native species in fragmented forest and may have a higher tolerance for disturbed habitats 

(Peter Johns, Canterbury Museum, pers. comm.).  This pattern is consistent with other 

studies where changes in the composition of native millipedes with increasing disturbance 

has been found across an urban-gradient in Zimbabwe (Mwabvu, 2006) and in eucalypt 

fragments in Australia (Baker, 1998).     

 

Introduced isopods (Porcellio scaber, Porcellionides pruinosus, Eluma purpurascens and 

Armadillidium vulgare) are common in metropolitan areas and disturbed, anthropogenic 

habitats throughout New Zealand (Peter Johns, Canterbury Museum, pers. comm).  Exotic 

isopods do not appear to have penetrated the forest fragments sampled in our study 

possibly because the sampling regime was conducted at least 100 m from the edge of the 

fragment and comprised climax native tree species.  There is limited research on exotic 

isopod distributions in New Zealand, but the available research suggests that two common 

exotic species are more common in habitats with grass cover, including Armadillidium 

vulgare (Scott, 1984) and Porcellio scaber  (Derraik et al., 2005).  Further research is 

warranted on patterns of isopod distribution from the edge to the centre of forest 

fragments to gain a better understanding of exotic isopod assemblages in suburban gardens 

fringing many of the small reserve fragments to determine the propensity of exotic species 

to penetrate native forests.     

 

Millipede assemblages in small fragments comprised native and exotic species.  This finding 

raises the issue of ‘novel ecosystems’ comprising new combinations of native and exotic 

species which is becoming an important focus of ecological studies in anthropogenic 

landscapes (Hobbs et al., 2006; Hobbs et al., 2009).  Further research would be required to 

determine whether, in fact, novel ecosystems are being created in the forest fragments 

sampled in this study.  However, it was notable that exotic species dominated the millipede 

fauna in some study plots, and furthermore, the contribution of exotic millipedes to total 

millipede abundance averaged over 50% at small reserves (< 11 ha).  While native millipede 

and isopod abundance and species richness did not appear to be negatively affected by the 

presence of exotic millipedes, further studies are warranted on the effects on other groups 
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of soil fauna such as landhoppers (Amphipoda).  It is also possible that selective feeding on 

palatable litters by exotic millipedes could affect the availability of litter resources and 

decomposition processes in invaded sites.    

 

To summarise, litter composition varied between tree plots, and was shown to have a 

significant impact on the abundance of exotic millipedes, all isopod species, and some native 

millipede species.  These results suggest that exotic millipede species are specialised in 

terms of their food requirements and their abundance is likely to be constrained by the 

availability of palatable litters.  This has been found in other studies with O. gracilis where 

rates of growth and development were controlled by litter nutrient levels (Kheirallah, 1973; 

Kheirallah, 1978; Kheirallah and Shabana, 1975).  Some native New Zealand plant species 

are known to produce palatable litters (e.g. puriri and mahoe) but many produce low 

nutrient, unpalatable litters (e.g. kauri, rewarewa, taraire, and the podocarps including 

tanekaha (Phylloclades trichomanoides), totara (Podocarpus totara) and kahikatea 

(Dacrycarpus dacrydioides)).  While the native soil fauna in these habitats may be 

specialised in consuming litter of unpalatable species (e.g. Spirobolellus antipodarus), the 

availability of suitable litter resources is likely to limit populations of exotic millipedes in 

these forests.  The association of exotic millipedes with exotic plant species was not 

examined in this study.  However, many remnant native forests may be invaded by exotic 

plants (Sullivan et al., 2005) and the extent to which exotic invertebrate invasions are 

facilitated by invasive plant species warrants further investigation.  

 

The high diversity of native millipedes in small reserves, raises important issues of whether 

the contribution of small reserves to maintaining native species diversity overrides their 

negative effect in facilitating the incursion of exotic species into native habitats.  The SLOSS 

problem, whether a single large or several small reserves are more efficient at maintaining 

diversity is a long-running debate in conservation biology (Báldi, 2008; Tscharntke et al., 

2002).  This study highlights the high diversity of native millipede and isopod species in small 

fragments and is consistent with other studies that demonstrate that urban parks and 

reserves provide an important resource for maintaining native biota (Báldi, 2008; Bolger et 

al., 2000; Clarke et al., 2008; Connor et al., 2002).  Nonetheless, the results are also 
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consistent with other studies which reveal that urban areas are often hotspots for 

introduced species (Vilisics and Hornung, 2009) and highlight the risks that establishment of 

introduced soil fauna in anthropogenically disturbed areas may facilitate their penetration 

into less disturbed natural ecosystems (Lilleskov et al., 2010).   

 

5.3 Impacts on ecosystem processes  

There has been limited research on the ecological significance of invasions of saprophagous 

macroinvertebrates other than earthworms (Bardgett and Wardle, 2010; Frouz et al., 2008).  

A one year microcosm experiment was established to examine the individual and combined 

species effects of two co-existing millipede species, the native Spirobollelus antipodarus and 

the exotic Oxidus gracilis on rates of litter decomposition and nutrient release, soil nutrient 

levels, and growth rates and foliar nutrient levels of seedlings of the New Zealand native 

tree species puriri (Vitex lucens).   

 

The exotic species O. gracilis displayed a massive increase in abundance in all treatments 

containing this species.  This was reflected in a significant increase in the litter decay rates of 

the palatable high nutrient litters (puriri and mahoe) compared to the other treatments.  

However, O. gracilis did not enhance the decay rates of rewarewa, the unpalatable litter in 

this study or the mixed litter, probably because selective consumption of the palatable 

litters in the mix negated their positive effects on the decay rates of the recalcitrant litter.  

This result was consistent with the findings of both the litter preference study (Appendix 2) 

where O. gracilis congregated on puriri and mahoe litters, in preference to the low nutrient 

litters and the field surveys where its association with puriri and mahoe tree plots.  It also 

confirms the association between litter consumption by millipedes and enhanced decay 

rates of preferred litter types, shown in other studies (Carcamo et al., 2000).  Furthermore, 

it is notable that the majority of O. gracilis millipedes were juveniles during the period of the 

litterbag study since a soft diet is required due to the nature of their mouthparts (Brade-

Birks, 1930).  This has been found to be a factor in a number of millipede food preference 

studies (Ashwini and Sridhar, 2005; Dangerfield and Milner, 1993).   

 

Rates of N and P release from the mixed litterbags were highest in the treatments with the 

greatest biomass of the exotic O. gracilis than in controls without millipedes or the native 
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millipede treatment (Figure 5.1).  Similarly, humus pH, ammonium (NH4) and phosphorus 

(Olsen P) levels were higher in treatments with O. gracilis.  Nitrate (NO3) levels were 

depleted across all treatments including the controls indicative of inhibition of nitrification 

of NH4 to NO3.  Millipede treatments did not have a significant positive effect on plant 

growth rates or foliar N and P levels, and N:P levels in the foliage were indicative of N 

limitation.  It is possible that puriri may require N in the form of NO3 rather than NH4, which 

may account for the lack of a positive response by the plants to increased N levels.  The 

results highlight the potential for exotic millipedes to influence litter decomposition rates 

and nutrient release from preferred litters, although these effects did not enhance plant 

performance in this study.   

 

O. gracilis abundance at the end of the study was far in excess of that found in the field 

survey.  This was not unexpected as a number of studies have revealed that O. gracilis 

reproduces rapidly under favourable conditions (Causey, 1943; O'Neill and Reichle, 1970) 

and this species has attained high populations in laboratory colonies under similar 

conditions to those prevailing in this study (author, pers. observation).  However contrary to 

the prediction of interspecific competition between the two millipede species, the high 

abundance of the exotic millipede O. gracilis did not negatively affect survival or 

reproduction of the native millipede S. antipodarus in combined species treatments.  This 

suggests that the two species occupied different niches which reduced interspecific 

competition.  This is consistent with the field survey in North Shore forest fragments where 

O. gracilis was predominantly collected in pitfall traps and litter samples, while S. 

antipodarus was more prevalent in coarse woody debris.  However, O. gracilis populations 

did display evidence of intraspecific competition with higher rates of natural increase in the 

low density treatment which started with half the number of individuals compared to the 

mono-species and high density treatments containing this species.   

 

This microcosm study represented a simplified system compared to a field experiment and 

certainly created an environment which stimulated a massive population increase in O. 

gracilis which reached densities that have not been recorded in New Zealand natural 

habitats.  Therefore it is likely that this study overestimates the influence of O. gracilis in 

natural systems.  Nonetheless, the findings highlight some important issues that warrant 
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further study.  The first area of investigation is the interaction between millipedes and the 

microbial community, in order to elucidate the effects of high millipede populations on 

microbial communities and processes including nitrification.  A second issue relates to the 

diet of saprophagous macroarthropods such as millipedes, to determine whether they 

consume living plant material, which could affect seedling recruitment and growth rates.  

Thirdly, millipede treatments, particularly those with O. gracilis substantially increased NH4 

levels in the microcosms but this did not enhance the growth of puriri seedlings.  It was 

postulated that this might be because puriri requires nitrogen in the form of NO3 rather 

than NH4, but this would need to be quantified by controlled studies to determine the 

nutrient preferences of this species.  Finally, this study only used native and exotic 

millipedes, which are litter transformers.  Incorporating other litter transformers such as 

isopods and functional groups including ecosystem engineers such as earthworms would 

reveal the importance of diversity of both species and functional groups in ecosystem 

processes (Heemsbergen et al., 2004).   

 

5.4 Future research 

The results of this series of studies have elucidated some of the explanatory variables 

driving millipede and isopod species richness and abundance in native forest habitats and 

drawn attention to the potentially significant impacts of exotic millipedes on decomposition 

dynamics, and plant performance.   However, they also raise issues that have been shown to 

be important in other studies but have not yet been investigated in New Zealand 

ecosystems.  

 

5.4.1 Invasional meltdown  

Interactions between exotic litter invertebrates 

The concept of invasional meltdown in which synergistic interactions between invasive 

species facilitate more invasions that result in rapid ecosystem change has received 

considerable attention (Simberloff, 2006; Simberloff and Von Holle, 1999).  Changes in soil 

communities especially in urban ecosystems and the likely expansion of communities 

dominated by exotic species highlights the necessity of determining whether synergistic 

interactions occur among combinations of exotic species in invaded locations (Lilleskov et 
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al., 2010).  In this study of urban fragments, there were two European julids (C. britannicus 

and O. pilosus) present in the majority of sites containing exotic millipedes, so an area of 

investigation might be interactions between these species and whether they facilitate 

invasion by other exotic invertebrates.  

 

Interactions between exotic plants and exotic and native soil fauna 

Over 20,000 exotic plant species have been introduced to New Zealand since European 

settlement (Lee et al., 2000), of which at least 2000 are naturalised species (Richardson et 

al., 2000).  New Zealand research on the interactions between exotic plant invasions and 

introduced soil fauna are limited but soil fauna can be important drivers of plant community 

structure and can limit or promote the success of plant species (Parepa et al., 2013).  

Invasive plant species have been demonstrated to benefit from soil fauna.  For example, 

establishment of invasive knotweed (Fallopia X bohemica) in Germany was increased in the 

presence of soil fauna which promoted both its regeneration and growth (Parepa et al., 

2013).  Invasional meltdown has also been demonstrated with respect to facilitative 

interactions between exotic earthworms and introduced plants which enhanced invasion 

success of both groups (Heneghan, 2003; Kourtev et al., 1999).  Natural vegetation in close 

proximity to human settlements tends to contain many more exotic plant species than 

similar natural vegetation in more isolated locations (Sullivan et al., 2005).  Litter quality was 

an important explanatory factor in accounting for the presence of exotic millipedes and 

native isopods in reserve fragments, but the associations between these groups and 

invasive plant species was not investigated.  Further research is warranted on this issue, 

particularly the palatability of exotic plant litter to soil fauna and their role in facilitating the 

establishment of exotic plant species in native forest fragments. 

 

5.4.2 Novel ecosystems   

An associated issue is the creation of novel ecosystems comprising new combinations of 

species and the effects on ecosystem processes (Hobbs et al., 2006; Hobbs et al., 2009).  The 

results of the millipede and isopod survey indicates that novel species assemblages 

comprising native and exotic species are being created in association with some tree species 

in native forest fragments that are driven by both fragment size and the composition of the 

litter resources in these habitats (Chapter 3).  The presence of both native and exotic 
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millipede species and the high abundance of certain native isopods present an opportunity 

to investigate whether these novel species assemblages are changing the nature of nutrient 

cycling and decomposition dynamics in these fragments, potentially influencing native plant 

productivity and plant community composition.   
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Appendix 1    

Supplementary  Data for Chapter 1

Summary of a literature search for key areas of research related to exotic millipedes and isopods

 

Author Species/taxa Study location Research issue and results

Distribution

Ferenţi et al., 2012 Exotic isopods Romania Co-existence of synanthropic species A. vulgare  & P. pruinosus  with native fauna 

Cochard et al., 2010 Alien isopods Europe Total of 13 alien isopods in Europe mainly confined to urban areas

Stoev et al., 2010 Exotic millipedes Europe Review of alien millipedes in Europe

Bogyó & Korsós, 2010 C. caeruleocinctus Hungary New record of this synanthropic species in Hungary

Shelley & Enghoff, 2004 Chonieiulus palmatus North America Exotic species recorded in North America and Canada

(Diplopoda)

Reeves, 2001 O. gracilis US cave ecosystems High abundance of exotic species including O. gracilis  in USA cave ecosystems 

Keeney, 1990 Isopods Ohio, USA European origin of four out of six isopod species sampled in Ohio 

Collinge, 1943 Exotic isopods Great Britain Reports of exotic woodlice in UK

Baker, 1985 O. moreleti South Australia Distribution & abundance of O. moreleti 

Baker, 1978 O. moreleti South Australia Distribution & dispersal of O. moreleti

Dawson, 1958 Exotic millipedes New Zealand Introduced millipedes in human and natural habitats

Life History, behaviour & physiology

Lardies et al., 2008 Porcellio laevis Chile Phenotypic plasticity of life history & metabolic traits of invasive P. laevis  across

(Isopoda) latitudinal gradients in temperature & photoperiod

Dangerfield & Telford, Porcellionides pruinosus Southern Africa Size structure & sex ratio of 4 native & 1 exotic isopod. No obvious cohorts 

1995 (Isopoda) suggests continuous breeding.  Female sex bias.

Dangerfield & Hassall Armadillidium vulgare Great Britain Phenotypic variation in reproduction and a range of life history tactics may

1992  be typical of invasive species to maximise fitness in a fluctuating environment
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Author Species/taxa Study location Research issue and results

Baker & Baez, 1989 Ommatoiulus moreleti Canary Islands Life history & body size of O. moreleti at different altitudes.

(Diplopoda)

McKillup, 1988 O. moreleti South Australia Behaviour of millipedes in response to light to explain invasion of houses

Baker, 1984 O. moreleti South Australia Distribution, morphology & life history in Portugal cf. Australian populations

Baker, 1980 O. moreleti South Australia Water and temperature relations of O. moreleti in South Australia 

Baker, 1979 O. moreleti South Australia Activity patterns of O. moreleti in South Australia

Baker, 1978 O. moreleti South Australia Development & life history 

Causey, 1943 O. gracilis North Carolina, USA Life history and ecology 

Population Dynamics

David, 2012 Polydesmus angustus Laboratory study Rate of population increase of cosmopolitan polydesmid species

Lefebvre & Marcadé, Porcellionides pruinosus Genetics of P. pruinosus  complex

2005

Wang & Schreiber 1999 Porcellio scaber (Isopoda) Europe Genetic similarity between populations indicative of passive dispersal

McKillup et al., 1988 O. moreleti (Diplopoda) South Australia Natural decline of O. moreleti after initial establishment in South Australia

Baker, 1979 O. moreleti South Australia Population eruptions of O. moreleti  in South Australia  

Baker, 1978 O. moreleti South Australia Distribution of O. moreleti  between grasslands and woodlands and life history

characteristics including ability to extend life after a poor breeding season

O'Neill & Reichle, 1970 O. gracilis (Diplopoda) Tennesse, USA Mass migration of O. gracilis documented in Lenoir city, Tennessee 

Ramsay, J. M, 1966 Pseudopolydesmus serratus Ohio, USA Mass migrations of P. serratus  in Dayton

(Diplopoda)

Control

Golemansky, 2010 Oxidus gracilis (Diplopoda) Bulgaria Gregarine parasites associated with O gracilis 

Brunke et al., 2009 Cylindroiulus caeruleocinctus Ontario, Canada Biocontrol by predatory beetles of crop pest C. caeruleocinctus 

(Diplopoda)

Appel, 2003 O. gracilis USA Study on water relations and dessication tolerance of O. gracilis 

Morisawa et al., 2002 Armadillidium vulgare Japan Repellents in Cryptomeria japonica against invasive isopod A. vulgare

(Isopoda)
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Author Species/taxa Study location Research issue and results

Bailey, 1997 O. moreleti South Australia Impacts R. rhabditis & food resources on O.moreleti  decline 

Terrace & Baker, 1994 O. moreleti South Australia Predation by planarian Caenoplana coerulea on O. moreleti

McKillup et al., 1991 Spinotarsus caboverdus Cape Verde Islands Biocontrol using nematode Rhabditis necromena on pest millipede S. caboverdus.

(Diplopoda)

Schulte, 1989 O. moreleti South Australia Biocontrol using Rhabditis necromena, parasite of Akamptogonus novarae

Ecosystem Impacts

Singer et al., 2012 Isopoda Kansas, USA Exotic isopods unlikely to threaten tallgrass prairie ecosystems because of low

abundance and lack of dietary preference for native plant seeds.

Tuttle et al., 2009 P. laevis Hawaii Invasional meltdown where invasive nitrogen-fixing tree species increased 

Talitroides topitotum non-native isopod & amphipod abundance by 400%

Abelho et al., 2009 A. vulgare (Isopoda) New Mexico Interactions exotic isopod and exotic plant facilitates plant invasion

Snyder & Hendrix, 2009 Worms, millipedes, isopods North America Role of soil macrofauna in restoration. Concern over non-native invasive species  

Bastow et al., 2008 Porcellio scaber California, USA Invasion of exotic plant facilitated by exotic isopod P. scaber

Frouz, et al. 2008 A. vulgare Florida, USA A. vulgare  increased soil pH, P, K & NO3 in a microcosm study 

Greenslade et al., 2008 Isopoda & Amphipoda Macquarie Island Potential damage to Macquarie Is. ecosystem from invasive amphipod and

Sub-Antarctic isopod species.

Griffin & Bull, 1995 O. moreleti South Australia Interactions of O. moreleti with native millipedes 

Factors affecting exotic species incursions

Disturbance

Magrini et al., 2011 Isopod communities Brazil, Atlantic forests Comparison of isopod assemblages at sites of varying anthrogenic disturbance

Arndt & Perner, 2008 Exotic soil arthropods Canary Islands Exotic millipedes and isopods in disturbed & natural habitats

Paoletti et al., 2007 Millipede and isopods Australia Indicators of disturbance, landscape stress and soil degradation 

Borges et al., 2006 Soil arthropods Azores Disturbance effects on exotic species richness. Diverse native communities 

prone to invasion

Urbanisation

Vilisics et al. 2012 Millipedes & isopods Switzerland Urban assemblages of millipedes & isopods in 3 Swiss cities dominated by 

Vilisics & Hornung, 2009 Isopod assemblages Hungary Diverse native isopod fauna but exotic species indicate biotic homogenisation
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Author Species/taxa Study location Research issue and results

Vilisics et al., 2007 Isopod assemblages Soros, Denmark There was no difference in isopod diversity across an urbanisation gradient, but  

Hornung et al., 2007 Isopod communities Debrecen, Hungary Urban-suburban-rural gradient of isopod assemblages revealed no support for

hypothesis of a decline in species richness with increased disturbance.

Korsós et al., 2002 Millipedes & isopods Budapest, Hungary High millipede & isopod diversity in urban & suburban habitats

Korsós, 1992 Synanthropic millipedes Budapest, Hungary Influence of human activities on millipede dispersal and habitat selections

Agriculture

Faberi et al., 2011 A. vulgare, Argentina Argentina Performance of no tillage pest A. vulgare on different cereal crops. 

Tulli et al., 2009 A. vulgare, Argentina Argentina Exotic isopods as pests of cereal crops in conservation tillage agriculture

Paoletti et al., 2008 Australiodillo bifrons NSW, Australia Native isopods as agricultural pests of cereal crops in no tillage agriculture.

Ebregt et al., 2005 Millipedes Uganda Millipede damage to crops in Uganda. Presence of plant detritus important 

 explanatory factor in occurrence of soil pests.
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Appendix 2  

Millipede litter preferences 

 

A2.1 Introduction 

The chemical composition of plant litter varies between species, a factor which is known to 

influence its palatability to soil fauna (Swift et al., 1979; Tian et al., 1993; Tian et al., 1995).  

Numerous studies have demonstrated the importance of litter preferences and in particular 

preference for litters with a high nitrogen content in influencing the distributions of 

millipedes (Kadamannaya and Sridhar, 2009; Kheirallah, 1979; Loranger-Merciris et al., 

2008) and isopods (Rushton and Hassall, 1983; Tuck, 2004; Zimmer and Topp, 1997).  There 

is very limited knowledge of preferences by soil fauna for different plant litters in New 

Zealand native forest habitats.  However, the survey of millipede abundance and species 

richness beneath the canopy of three tree species (Kunzea ericoides, Agathis australis and 

Vitex lucens) in the Waitakere Ranges (Chapter 2) revealed that the highest diversity and 

abundance of native millipedes was in puriri (V. lucens) litter compared to the other litter 

types.  Furthermore the two exotic species in this study (Oxidus gracilis and Ophyiulus 

pilosus) were collected virtually exclusively from the puriri tree plots.  Litter composition 

was also an important factor in explaining the abundance of three exotic millipedes, the 

European julids Ophyiulus pilosus, Cylindroiulus britannicus and the cosmopolitan 

polydesmid Oxidus gracilis, and the native species Spirobolellus antipodarus, in native forest 

fragments on the North Shore of Auckland city (Chapter 3).  However, the models of 

abundance for these species revealed contrasting results, with higher abundance of the 

three exotic species in puriri and mahoe (Melicytus ramiflorus) litter than other litter types, 

while the native species S. antipodarus had higher abundance in rewarewa (Knightia 

excelsa) and taraire (Beilschmiedia tarairi) compared to other litters.     

 

The majority of millipedes collected in forest fragments on the North Shore were from 

tullgren extraction of millipedes from samples of coarse woody debris, and all three species 

(O. gracilis, C. britannicus and S. antipodarus) were relatively less abundant in litter samples 
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collected from the study sites.  This preference study was instigated with the aims of 

determining, firstly, whether two of the exotic millipede species for which litter palatability 

was an explanatory factor in their distribution (C. britannicus, O. gracilis) and the native 

species  S. antipodarus, preferentially aggregated on the litters of these tree species; and, 

secondly whether this could be related to the nutrient quality of the litter as determined by 

N and P content.  The third aim of this study was to determine an appropriate mix of litter 

types comprising both palatable and unpalatable species for inclusion in the microcosm 

experiment on the effects of an exotic and a native millipede species on ecosystem 

processes (Chapter 4). 

 

A2.2 Methods 

A2.2.1 Experimental design 

This study was conducted in the laboratory to establish the litter preferences of the three 

millipede species; two exotic millipedes (Cylindroiulus britannicus and Oxidus gracilis and 

and native species Spirobolellus antipodarus for five common broadleaf tree species:  puriri 

(Vitex lucens), mahoe (Melicytus ramiflorus), karaka (Corynocarpus laevigatus), taraire 

(Beilschmidia tarairi) and rewarewa (Knightia excelsa).  Partially decomposed litter was 

collected from Smith’s Bush (36° 47’ S, 174° 45’ E), a native forest stand on the North Shore 

of Auckland city and transported to the Biology Laboratory at University of Auckland, 

Tamaki Campus.  The litter was placed in plastic containers and moistened regularly.   

 

Five replicate plastic containers were set up for each millipede species (C. britannicus, O. 

gracilis and S. antipodarus), each containing 15 g of each litter type (V. lucens, M. ramiflorus, 

C. laevigatus, B. tarairi and K. excelsa).  Ten millipedes were placed in each replicate, 2 on 

each of the 5 litter types, giving a total of 15 containers, representing 5 replicates per 

species.  At the end of the 24 hour period of the study, the millipedes were extracted and 

the number retrieved from each litter type was recorded.   
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Five samples of each of these litter species were oven dried for 24 hours and 70°C and 

tested for % N and % P (Landcare Research, method 206, Kjeldahl wet oxidation process).  

Mean %N for the five samples ranged from 1.42% (SE 0.09) for mahoe litter to just over 0.35 

(SE 0.02) for rewarewa litter (Table A2.1).  Rewarewa litter also had the lowest %P of the 

five litter types (Table A2.1).   

 

Table A2.1 Mean with standard error (SE) initial N and P concentrations (%) of 3 samples 
each of the five tree species used in the litter preference study for the 3 millipede species S. 
antipodarus O. gracilis and C. britannicus. 

     
 Nitrogen (%) SE Phosphorus (%) SE 
          

Mahoe (M. ramiflorus) 1.415 0.091 0.096 0.018 
Puriri (V. lucens) 1.318 0.170 0.107 0.012 
Karaka (C. laevigatus) 1.190 0.046 0.099 0.005 
Taraire (B. tarairi) 0.770 0.039 0.038 0.002 
Rewarewa (K. excelsa) 0.354 0.021 0.016 0.003 

 

A2.2.1 Statistical analysis 

Differences in distribution of each millipede species between the different litters in the five 

replicate containers was analysed by analysis of variance (ANOVA), in which the main effect 

was millipede abundance and the factors were litter type (puriri (V. lucens), mahoe (M. 

ramiflorus), rewarewa (Knightia excelsa), taraire (Beilschmidia tarairi) and karaka 

(Corynocarpus laevigatus)) and millipede species (C. britannicus, O. gracilis and S. 

antipodarus).  A post hoc Tukey test compared pairwise differences in litter preferences 

between different litter types and between different millipede species.  The data were 

checked for normality and homogeneity of variance and a square root transformation was 

applied where necessary.  

 

A2.3 Results 

All three species displayed a significant tendency to aggregate on mahoe and puriri litters in 

preference to karaka, rewarewa and taraire (ANOVA, F 4, 36 = 11.334, P < 0.001) (Figure 
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A2.1).  There was no significant difference in the preferences between the three millipede 

species (ANOVA, F 2, 36 = 0.24, P = 0.788) and the two-way interaction between millipede 

species and litter type was not significant (ANOVA, F 7, 36 = 0.81, P = 0.581) (Figure A2.1).  

While the two exotic species displayed a higher tendency to congregate on puriri litter than 

mahoe litter, the native species S. antipodarus showed a more even distribution between 

the two preferred litters (Figure A2.1). 

 

 

Figure A2.1. Mean with standard error distribution of the exotic millipedes Cylindroiulus 
britannicus (dark grey bars), and Oxidus gracilis (mid-grey bars), and the native species 
Spirobolellus antipodarus (pale grey bars) between 5 litter species karaka (Corynocarpus 
laevigatus), mahoe (Melicytus ramiflorus), puriri (Vitex lucens), rewarewa (Knightia excelsa) 
and taraire (Beilschmidia tarairi), 15 g of which were combined in 5 replicate containers 
containing 10 individuals of either S. antipodarus or O. gracilis during a 24 litter preference 
study.  The ANOVA results indicated a significant difference in the preference of all species 
for the litters of mahoe and puriri over the other 3 litters (p < 0.0001).  Bars sharing the 
same letter are not significantly different, Tukey’s post-hoc comparisons (P < 0.05). 
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A2.4 Discussion 

The results of this study showed that all three millipede species, S. antipodarus, C. 

britannicus and O. gracilis shared a similar preference for the litters of mahoe (M. 

ramiflorus) and puriri (V. lucens) over the other litters used in this study.  The preferred 

litters also contained the highest phosphorus and nitrogen levels of the five litters used in 

this preference study.  The least preferred litters in this study were rewarewa and taraire 

which also had the lowest nutrient levels.  The results of this preference experiment are 

consistent with the field survey in which the exotic millipedes, C. britannicus and O. gracilis 

were most abundant in forest fragments at study sites dominated by puriri or mahoe litter 

(Chapter 3).  However, the preference of S. antipodarus for mahoe and puriri litters is not 

consistent with the field survey where abundance of this species was correlated with low 

nutrient litters, especially rewarewa and taraire (Chapter 3).   

 

The finding that the three millipede species in this study shared similar preferences for high 

nutrient litters is consistent with other studies on the importance of nitrogen content in 

relation to millipede food preferences and the role of litter nutritional qualities in driving 

millipede species distributions.  In litter choice tests, the millipede Harpaphe haydeniana 

haydeniana Wood, displayed a preference for Douglas-fir (Pseudotsuga menziesii), with the 

least preferred species having the lowest nitrogen and highest tannin content of the all the 

other conifer and broadleaf species tested (Carcamo et al., 2000; Prescott and Preston, 

1994).  This was borne out in a field study that showed greater abundance of this millipede 

in Douglas-fir dominated forests (Carcamo et al., 2000).  Millipede abundance and species 

richness were significantly higher in the litter of tree species with a high N content in dry 

forest habitats in Guadeloupe and an associated laboratory food preference study found 

that millipedes fed preferentially on N-rich leaves (Loranger-Merciris et al., 2008).  Rates of 

development and weight gain of O. gracilis juveniles were higher when reared on their 

preferred litters with higher N levels (Kheirallah, 1978), while concentration of haemolymph 

proteins in O. gracilis was dependent on the quality of food eaten (Kheirallah and Shabana, 

1975).   
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Litter nitrogen levels are not the only factor influencing food preferences of millipedes 

where age and level of decomposition are also known to affect litter palatability (Kheirallah, 

1979).  Millipedes, especially the juveniles, have weak mouthparts so while they may feed 

on a wide range of plant substances will tend to prefer soft decomposing tissue (Brade-

Birks, 1930; Cloudsley-Thompson, 1958).  Age of the leaf litter and stage of decomposition 

are likely to have played a role in the aggregation of S. antipodarus on mahoe and puriri 

litters in this preference study rather than the low nutrient litters, taraire and rewarewa, 

which was the dominant habitat for this species in the field survey (Chapter 3). All litters 

used in this experiment had commenced the decomposition process, but it is possible that a 

more advanced stage of decomposition would be required before recalcitrant litters such as 

taraire and rewarewa would be palatable to millipedes.     

 

The results of this study supported the findings of the field survey (Chapter 3) that litter 

palatability was an important factor in driving the distribution of the two exotic millipede 

species in different habitats.  However, the results for the native species S. antipodarus are 

less conclusive and require further studies to identify the palatability and utilization of 

different litter types by this species at different stages of decomposition.    
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