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Abstract

Current knowledge on the effects of climate, food quality and land cover on millipedes is reviewed,
to explore the potential responses of this arthropod group to global change. Climate warming could result
in higher rates of population growth and have a positive effect on the abundance of some temperate
species. The generality of this finding is evaluated in relation to the life history and current distribution
of species. At low latitudes, interactions with more severe droughts are likely and could affect the
composition of millipede communities. Elevated atmospheric CO2 and changes in plant community
composition are expected to alter leaf litter quality, a major determinant of millipede fertility. This could
significantly influence population growth rates, but the warming effect will be probably more important
for decades. Land cover changes, mainly due to deforestation in the tropics and land abandonment in
Europe, are critical to habitat specialists and could override any other effect of global change. At the
landscape scale, habitat heterogeneity seems to be a good option for millipede conservation, even at the
cost of some fragmentation.
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1. Introduction

The IPCC (Intergovernmental Panel on Climate Change) fourth assessment report indicates
that considerable climate changes are occurring due to the increase in greenhouse gas
concentrations in the atmosphere (IPCC 2007a). Depending on the emission scenarios, global
average temperature is predicted to increase by 1.8 to 4.0 °C at the end of this century.
Warming is expected to be greatest at high northern latitudes. Increases in the amount of
precipitations are very likely at high latitudes, while decreases are likely in most subtropical
regions. In Europe, precipitations should increase in winter, but more severe summer drought
is expected in the Mediterranean region. These climate changes are modifying the
composition of plant communities (IPCC 2007b and references therein). Other environmental
changes resulting from human activities occur over large areas, such as land use changes and
nitrogen deposition.

All those changes have already affected and will increasingly affect animal species,
especially poikilotherms that feed on plant materials, such as millipedes. The challenge is to
predict their potential responses to this global environmental change. The aim of this paper is
to review our knowledge on the effects of climate, food quality and land cover on millipedes,
and to identify what is relevant in terms of their responses to global change. The review has
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a European bias, but, as the change is global, much can be learnt from other areas in the world.
Therefore, this paper is an opportunity to highlight gaps, i.e. topics and geographical areas on
which more research is needed.

2. Direct effects of climate change on millipedes

Responses to temperature rise have been much less studied in millipedes than in insects.
The few existing studies are based either on the examination of large-scale patterns in nature
or on the experimental study of small-scale population dynamics.

2.1. Observed changes in distributions: a fingerprint of climate warming?

Difficulties in interpreting large-scale patterns are clearly illustrated with a recent study on
the poleward expansion of animals (Hickling et al. 2006). The distributions of many species
that reach the northern margin of their range in Great Britain were compared at a 25-year
interval. The northern range margin was defined as the mean latitude of the ten most northerly
occupied 10-km grid squares. Over 25 years, the mean northward shift of millipedes was 74
km for six southern species (Tab. 1). Although the consistency of trends across many taxa
does suggest there is range expansion driven by climate warming (Parmesan 2006), this
interpretation is not necessarily correct for all taxa. There may be alternative explanations for
millipedes, e.g. a collecting artefact, because a number of grid squares were poorly explored
in the first collecting period (P. Lee, pers. comm.). It is necessary to identify the processes
involved before we conclude that these observations are linked to climate warming.

A prerequisite for poleward expansion is dispersal or at least human-mediated transport.
Although dispersal ability is generally considered to be low in millipedes, that is not true of
all species. Wandering is widespread in this group (Hopkin & Read 1992). Many species have
been shown to colonise post-mining rehabilitation sites in various geographical areas (Dunger
& Voigtländer 2009, Tajovský 2001, Redi et al. 2005), which can only be explained by
dispersal. However, in Hickling’s et al. (2006) data, the expansion rate of millipedes – up to
4.8 km yr-1 – would have been higher than in carabids and butterflies. Assuming that they
have migrated northwards in Britain, such a high expansion rate is not easy to explain at
present.
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Species Shift (in km)

Glomeris marginata (Villers, 1789) 11

Cylindroiulus caeruleocinctus (Wood, 1864) 119

Leptoiulus belgicus (Latzel, 1884) 48

Brachychaeteuma melanops Brade-Birks, 1918 75

Chordeuma proximum Ribaut, 1913 70

Polydesmus coriaceus gallicus (Latzel, 1884) 119

Mean 74

Tab. 1 Northward shift (in km) at the range margins of six millipede species, which was observed
in Great Britain over 25 years. The list of species selected by Hickling et al. (2006) was
kindly provided by P. Lee (pers. comm.).



2.2. Ecophysiological responses to climate warming

To understand the effects of warming on millipedes, an important step is to determine their
ecophysiological responses to temperature in terms of population growth rate. In insects,
those responses are not always positive (Bale et al. 2002). A laboratory study was performed
to assess the effects of elevated temperatures on the life-history traits of the polydesmid
Polydesmus angustus Latzel, 1884 (David & Gillon 2009). Individuals were reared
throughout their life cycle under two seasonal regimes of temperature, which differed by
3.3 °C on average. This corresponded to the temperature difference between the Atlantic
climate of the Paris region – where the animals came from – and the Mediterranean climate
of southern France, at the edge of the species’ range (Kime 1990).
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Fig. 1 Effects of two seasonal temperature regimes (T Atl: Atlantic temperatures; T Med:
Mediterranean temperatures) on the development time, age at first reproduction, adult live
weight and fertility of female Polydesmus angustus reared in the laboratory  (redrawn from
David & Gillon 2009).



Polydesmus angustus was positively affected by the 3.3 °C rise (Fig. 1). Development was
faster, with a larger proportion of individuals that reached the adult stage before the winter.
This resulted in earlier reproduction in spring, because adult females are in postdiapause
quiescence in late winter and start laying eggs as soon as temperature conditions improve
(David et al. 2003). At Mediterranean temperatures, reproduction started in April, 1.3 months
earlier than at Atlantic temperatures. There was no trade-off between development rate and
adult body weight; females that developed at elevated temperatures even emerged with higher
live weights. These positive effects of temperature on growth may result from a greater
microbial development in leaf litter and/or a better exploitation of food by millipedes. The
larger body size of females at elevated temperatures resulted in higher fertility, which is the
rule in macroarthropods (Sutton et al. 1984, David 1992). Finally, survival was not
significantly affected by warming.

Overall, the temperature rise resulted in a higher population growth rate, which indicates
that the impact of warming will be positive over large parts of the species’ range (David &
Gillon 2009). All other things being equal, the abundance of P. angustus should tend to
increase in established populations. From a metapopulation viewpoint, these populations
could function as sources, from which individuals could disperse (Hanski 2005). This is
consistent with signs of the species’ expansion in Europe since the end of the 20th century
(Meidell & Enghoff 1993).

2.3. Problems of generalisation

To what extent can we extrapolate this positive effect of warming to other millipedes?
Results from earlier laboratory studies suggest that another polydesmid, Polydesmus

inconstans Latzel, 1884, also benefits from elevated temperatures (Snider 1981a, 1981b).
However, the response to warming is likely to vary with the life-history characteristics of
species. Nondiapausing species that can breed throughout the year, like the paradoxosomatid
Oxidus gracilis (C. L. Koch, 1847) (Causey 1943), should also respond positively to
warming. In contrast, species that need a period of chilling to terminate winter diapause,
resume development and reproduce, like the xystodesmid Parafontaria laminata armigera

Verhoeff, 1936 (Fujiyama 1996), may be affected negatively by warming. Similarly, species
that overwinter for long periods without feeding may be affected negatively by warming,
which may accelerate the exhaustion of metabolic reserves. For example, the spirostreptid
Orthoporus ornatus (Girard, 1853) overwinters for about eight months of dry season and
moults prior to emergence from the soil (Crawford et al. 1987). During that prolonged
dormancy, the species uses its fat reserves, the consumption of which increases with
temperature (Wooten & Crawford 1974).

Spatial considerations are also important. Cold-adapted species that live close to summits,
e.g. the endemic Pyreneosoma spp. (Haplobainosomatidae) that occur at an altitude of about
2000 m in the Pyrenees (Mauries 1974), are potentially threatened by the reduction of their
habitat due to climate warming. In widespread species like P. angustus, populations that
already live at the warmer edge of the species’ range may be affected negatively by warming.
Studies in which insect species were monitored repeatedly throughout their range have shown
that the proportion of extinct populations was greater at low latitudes (Parmesan 2006). No
such data exist for millipedes, but the effects of drought may be important in this respect.
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2.4. Possible interactions with drought

Elevated temperatures increase evapotranspiration and make regional climates increasingly
dependent on rainfall. As more severe summer drought is likely at low latitudes (IPCC
2007a), this may have demographic consequences in animals.

Most millipede species easily cope with normal, annual periods of dryness using both
behavioural and physiological mechanisms. Few species are active and forage during the dry
season, even in temperate zones. The basic behaviour is to take refuge in cavities or to burrow
into the soil (Lewis 1974, Bailey & Kovaliski 1993, Dangerfield 1998). Physiological
adaptations allow millipedes to survive those conditions for weeks or months (Crawford
1979, Hopkin & Read 1992, Wright & Westh 2006). Quite often, dry periods are spent
moulting. For example, the wood-feeding spirobolid Narceus americanus (Beauvois, 1817)
burrows into logs in late summer, seals the entrance and moults. O’Neill (1969) showed that
this is a response to desiccation, which may protect the species during the dry season.

The question is whether those seasonal adaptations will be sufficient to withstand more
severe droughts due to climate change. The least tolerant species could be negatively affected.
After exceptional droughts in temperate forests, Chordeumatida suffered significant
population declines (David 1990, Geoffroy & Celerier 1996), which is in line with their low
desiccation resistance in laboratory experiments (Haacker 1968, Meyer & Eisenbeis 1985).
For more tolerant species, predictions are more difficult. In Greece, first-stadium juveniles of
the glomerid Glomeris balcanica Verhoeff, 1906 die in large numbers during their first
summer (Iatrou & Stamou 1991), which might worsen in particularly hot and dry years.
However, drought may affect resistant species through other, non-lethal demographic
processes. In general, behaviours that maintain survivorship under harsh conditions are costly
in terms of growth and reproduction, because they hamper access to energetic resources
(David 1996, Dangerfield 1998). So far no studies have assessed these costs in terms of
population growth.

Nevertheless, latitudinal patterns of abundance indicate that the impacts of drought are
likely to interact with the positive effects of warming on millipedes. A number of species that
are widespread in western Europe occur as far south as the Mediterranean region, which is
warm with a dry summer. Their abundance in this region is closely associated with their
desiccation resistance measured in the laboratory by Haacker (1968). Thus, the poorly
resistant P. angustus is not very abundant in the Mediterranean region, except in some humid
forests. In drier forest soils, it is outnumbered by two more resistant species, the julid
Cylindroiulus caeruleocinctus (Wood, 1864) and the glomerid Glomeris marginata (Villers,
1789), the abundances of which peak at their southern range margins (David 1996). These
latitudinal patterns, while confirming that warming has positive effects on millipedes, suggest
that the composition of southern communities is strongly influenced by the seasonal drought.

3. Effects of changes in food quality on millipedes

3.1. The food of saprophages

Millipedes are typically saprophages, which feed on decomposing plant material, mainly
leaves, wood or both (Hopkin & Read 1992). This protein-poor diet is a major constraint on
all saprophagous macroarthropods, which prefer leaf litter comparatively rich in nitrogen,
with a low C:N ratio (Dunger 1958, Pobozsny 1978). The decrease in C:N ratio during
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decomposition may partly explain why dead leaves of many plant species become more
palatable when ageing (Kheirallah 1973, David & Gillon 2002). Occasionally, millipedes also
feed on higher quality food, such as fallen fruits, mammalian faeces and even dead
invertebrates, which are very rich in nutrients (Hoffman & Payne 1969, Dangerfield &
Telford 1996). The presence of plant defences against herbivores (secondary compounds,
toughness) is another characteristic of litter that is important to millipedes. Deterrent factors
must be eliminated for litter to become palatable, irrespective of its nutritive value (Sakwa
1974, Carcamo et al. 2000). Fungal colonisation may increase the palatability of litter not only
because fungi concentrate easily assimilable nutrients, but also because of their effects on
deterrent factors (Kukor & Martin 1987).

3.2. Global change and leaf litter quality

Two factors can potentially alter litter quality in the context of global change: elevated
atmospheric CO2 concentrations and changes in plant community composition. Experiments
on the short-term effects of elevated atmospheric CO2 on plants indicate that chemical
changes are much less marked in leaf litter than in green plant material. However, the litter N
content decreases slightly – by 7 % on average – with a concomitant increase in C:N ratio
(Norby et al. 2001). This corresponds to an overall decrease in food quality for millipedes.
The effects of elevated CO2 on the physical and chemical defences of plants are less clear
(Wardle 2002).

On the other hand, global warming is progressively changing the composition of plant
communities (IPCC 2007b and references therein). This may have a greater influence on litter
quality, because (1) differences in nutrients and deterrent factors between plant species are
markedly greater than intraspecific variations due to elevated CO2 (Norby et al. 2001); and
(2) changes in the composition of a litter mixture can significantly affect its overall quality,
due to interactions between component species (Hättenschwiler et al. 2005). However, there
is much uncertainty about the rate of changes in plant communities at continental scale
(Neilson et al. 2005). Moreover, global warming may promote plant species with better or
poorer litter quality for millipedes (Wardle 2002). Whereas Mediterranean tree species are
expanding northwards in temperate Europe, which results in litter of lower quality, deciduous
tree species are invading coniferous forests at higher latitudes, which may improve litter
quality.

3.3. Responses of millipedes to food quality changes

Food quality is an important factor in millipede demography, mainly through its effects on
growth and reproduction (Striganova & Prishutova 1990, David & Celerier 1997). When
Blower (1974) reared the julid Ophyiulus pilosus (Newport, 1842) from egg to maturity on
dead sycamore leaves alone, adult females did not lay eggs. On dissection, only half-sized
eggs were found, which was probably due to a nutrient deficiency. Female P. angustus that
were reared from egg to maturity on a mixture of leaf litter did reproduce, but their fertility
was very low (David & Celerier 1997). When a pinch of yeast was added monthly to the leaf
litter, female fertility was 4.3 times as high and similar to the fertility of adult females from
the field.

Since low-quality food has negative effects on demography, the question is whether these
effects can offset the positive influence of warming on the population growth rate. David &
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Gillon (2009) compared the effects of elevated temperatures and reduced litter quality on the
life-history traits of P. angustus. In the above-mentioned experiment, millipedes were reared
under each temperature regime on two types of leaf litter: Atlantic leaf litter and
Mediterranean leaf litter, which was poorer in nitrogen. This choice made it possible to
explore the effects of a higher C:N ratio in the food, while simulating the ultimate stage of
litter changes associated with a 3.3 °C rise in temperature. All components of the population
growth rate were affected negatively by the switch from Atlantic to Mediterranean leaf litter,
and deteriorating food conditions amply offset the effects of warming. When both treatments
were applied in P. angustus, there were no significant changes in development rate, survival,
adult live weight, and age at first reproduction (Fig. 2). Fertility was more responsive to food
quality than to warming and decreased significantly when both factors were combined (Fig.
2). Therefore, from an ecophysiological point of view, a reduction in litter quality can offset
the positive effects of warming on saprophages (David & Gillon 2009).
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Fig. 2 Combined effects of elevated temperatures (T Med vs. T Atl) and reduced litter quality
(L Med vs. L Atl) on the development time, age at first reproduction, adult live weight and
fertility of female Polydesmus angustus reared in the laboratory (redrawn from David &
Gillon 2009).



However, such a drastic change in leaf litter as that simulated in this experiment is unlikely
to occur in the near future. The replacement of plant species by new migrants from the south
may require decades or centuries, especially in forests (Neilson et al. 2005). If changes in leaf
litter composition lag behind climate warming, temperate millipedes should retain the
opportunity of feeding on high-quality plant species. In addition, the potential effects of
elevated atmospheric CO2 on high-quality leaf litter should not affect N concentration to the
same degree as in this experiment (Norby et al. 2001). These considerations suggest that
temperate millipedes are likely to be favoured by climate warming, even in areas where litter
quality tends to deteriorate.

4. Effects of land cover changes on millipedes

4.1. Importance of land use for habitat specialists

Although climate plus physical and chemical properties of the soil largely determine
millipede distributions (Haacker 1968, Kime & Wauthy 1984), land use is equally important.
It is important at the site scale, where land cover and the level of disturbance are major site
characteristics for these arthropods (e.g. Serra et al. 1996), and at the landscape scale, where
land use determines the level of spatial heterogeneity among sites (Dauber et al. 2005).
Management practices that alter microhabitats within sites also influence communities (Topp
et al. 2006).

In temperate, tropical or mountain areas, specialist millipede species are clearly associated
with land cover, such as forest, grassland, or mixed habitats with scattered trees and shrubs
(Pedroli-Christen 1993, Kime 2004, Hamer et al. 2006, Lee 2006). Within those habitats,
some species have a further specialisation on microhabitats, especially in forests (O’Neill
1967, Geoffroy 1981, Enghoff 1992). Although self-evident, it should be emphasised that
habitat loss is critical to habitat specialists and can override the positive effects of climate
warming. For example, in Great Britain, although many butterflies were predicted to thrive
because of ameliorating climatic conditions, there was range reduction for a number of
species at the end of the 20th century (Warren et al. 2001). Habitat specialists were much
more affected than habitat generalists, which suggests that habitat loss played a prominent
role. There have been no such studies for millipedes, but there is no doubt that they are also
affected by habitat loss.

4.2 Tropical deforestation as a case in point

Deforestation is likely to be critical to forest specialists, especially in tropical zones.
Millipede communities in old-growth forests are often rich in species, possibly in relation to
the high diversity of tree leaf litter. The immediate impact of deforestation on soil
macroarthropods is strongly negative (Mathieu et al. 2004), just as in temperate forests
(Paquin & Coderre 1997). Forest specialists are eliminated and do not reinvade sites
subsequently used as grassland.

The replacement of old-growth forests by managed, low-diversity tree plantations does not
restore the original habitats. In tropical plantations of eucalypt, rubber, cocoa, etc. millipede
abundance may remain high but species richness may be markedly reduced. For example, in
Ivory Coast, Bourdanne (1997) compared millipede communities in a humid tropical forest
and three nearby plantations. Out of 31 species found in the forest, seven were absent from
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plantations, and a further five had their population density strongly lowered. In contrast, only
three species had systematically higher population densities in plantations – with an outbreak
of the spirostreptid Aulonopygus aculeatus Attems, 1914. Overall, even taking into account a
few species found only in plantations, total millipede richness decreased by 8 to 13 species
depending on the plantation, i.e. by 26 to 42 % in comparison with the old-growth forest.

Can tropical secondary forests on abandoned lands, which are more diversified than
plantations, provide suitable habitats for all old-growth forest specialists? It is doubtful,
according to data obtained for ants and dung beetles (Bihn et al. 2008, Gardner et al. 2008),
but different taxa may show different responses to changes in habitat. There are little data for
millipedes, mainly from young or very young secondary forests (e.g. Nakamura et al. 2003).
This hinders comparisons with old-growth forests because millipede communities are known
to change considerably with the age of regenerating forest sites (Redi et al. 2005).

4.3. Habitat heterogeneity and biodiversity

Other species are open-habitat specialists and the extension of closed-canopy woodland in
Europe, due to the abandonment of extensive grazing and coppicing, also affects millipede
diversity. Julids such as Cylindroiulus arborum Verhoeff, 1928, which typically occurs in
open woodland in central Europe (Spitzer et al. 2008), and Ommatoiulus rutilans (C. L. Koch,
1847), which typically occurs in grazed grassland in western Europe (David et al. 1999), are
negatively affected by habitat closure.

Fine scale studies in habitat mosaics have shown that the composition of millipede
communities changes with land cover over very short distances (Dunger & Steinmetzger
1981, David et al. 1999). This results in a high overall species richness (γ-diversity) at the
landscape scale, because mosaics contain typical species of each habitat patch – grassland,
woodland, shrubland – and, possibly, ecotonal species specialised on edges (David et al. 1999,
Tracz 2000). Presumably, a degree of land cover heterogeneity is more favourable to
millipede diversity than uniform habitats covering large areas, as in many arthropod groups
(Tews et al. 2004). In Hungary, Baldi (2008) found that millipede species richness in nature
reserves was more dependent on land cover heterogenity than on reserve size.

4.4. Heterogeneity vs fragmentation

On the other hand, an excess of habitat heterogeneity may turn into fragmentation, which
could be detrimental to biodiversity (Tews et al. 2004). On theoretical grounds, highly
fragmented habitats are generally considered to increase the risk of extinction, especially for
species that lack dispersal ability (Hansky 2005). In empirical studies, however, the effects of
fragmentation on arthropods are highly variable across taxa and across studies (Ewers &
Didham 2006). At what point does habitat heterogeneity become fragmentation for
millipedes? The only experimental data available are from a eucalypt forest in Australia,
where a large area was clearcut to be planted to pines, except on forest remnants of different
sizes. Over a 9-year period following clearing, paradoxosomatids (Somethus sp.) were not
affected by fragmentation and dalodesmids (Gephyrodesmus sp.) became more abundant,
especially in the smaller remnants (Baker 1998) (Fig. 3). The mechanisms driving these
changes in abundance are unclear, but the results illustrate that there is little evidence for
negative effects of fragmentation on millipedes. This is confirmed by the fact that, in Poland,
normally abundant and rich communities have been described on lake islets only a few
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hectares in area (Wytwer & Zalewski 2005). Likewise, in South Africa, a large number of
forest specialists – including large-bodied species – occupy remnants < 1 km2 (Hamer &
Slotow 2000).

Although conservation issues are beyond the scope of this paper, these data suggest that a
number of specialist millipede species with shrinking habitats can survive in relatively small
conservation areas, especially if these are not too isolated. Of course, this will not be a cure
for all ills. Small remnants may preserve faunal richness at given sites (α-diversity), but if
species turnover is high among sites (β-diversity), many species may remain threatened. That
is the case in areas with large numbers of site endemics, like Madagascar, South Africa and
certain oceanic islands (Enghoff 1992, Wesener 2005, Hamer et al. 2006).

5. Conclusions

In terms of impacts of global change on millipedes, this review suggests some tentative
conclusions’: (1) climate warming could have a positive effect on the abundance of some
temperate species; (2) the warming effect could be offset by a drastic reduction of leaf litter
quality, but this is unlikely in the near future; (3) land cover changes, mainly due to
deforestation in the tropics and land abandonment in Europe, could override any other factor
for habitat specialists; and (4) landscape heterogeneity could be a good option for millipede
conservation, even at the cost of some fragmentation.
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However, this review inevitably leaves questions unanswered for several reasons. The main
reason is the paucity of data in millipede ecology. Most conclusions are based on short-term
studies involving a handful of species. Little is known about the physiological ecology of
most species, i.e. how they respond to abiotic factors in terms of population growth. To
improve our knowledge, we need ecophysiological studies over broader geographical ranges,
including species with different ecologies and life histories.

We also need studies involving other environmental factors. Only a few components of
global change have been mentioned here, whereas all components interact in the real world.
For example, the ecological consequences of nitrogen deposition may strongly interact with
those of CO2 enrichment in terrestrial ecosystems (Wardle 2002). The frequency of extreme
events (heat wave, drought, fire…) may also have direct and indirect effects on millipedes,
even though soil arthropods are better protected than their aboveground counterparts.

Finally, little is known about the significance of biotic interactions in field communities
under global change, i.e., to what extent the responses of populations are influenced by
competition, predation and mutualistic interactions. Biotic interactions are rarely considered
in millipede ecology, despite growing evidence of the demographic impacts of parasitism and
predation (Baker 1985a, 1985b, Krooss & Schaefer 1998, McKillup et al. 1988). As the
parasites, predators and pathogens of millipedes also respond to the current environmental
change, both ecophysiology and biotic interaction studies are necessary to fully understand
the effects of global change in the field.
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