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9 Host Dynamics and Ectoparasite Life Histories
of Invasive And Non-Invasive Deer Ked Populations

9.1 Introduction to Ectoparasite Invasions

A considerable fraction of biological invasions, including terrestrial ectoparasites,
is a consequence of human activity. The most important environment for arthropod
ectoparasites is a vertebrate host — the host as an environment can be highly hetero-
geneous both quantitatively (abundance of host individuals) and qualitatively (dif-
ferent genotypes, host races, populations and species). Ectoparasites are vectors for
harmful pathogens, whereas ectoparasite infestations as such rarely cause substan-
tial fitness costs or health issues for their host (Lehane, 2005; Muirhead-Thomson,
1982). Accordingly, ectoparasites are often considered in the context of transmitting
invasive pathogens (Lehane, 2005), whereas ectoparasite invasions among host pop-
ulations, or invasive expansion of geographical range have received less attention
(Pysek et al., 2008). However, understanding the natural history and evolutionary
ecology of parasites should become a key part of public health planning (Renaud
et al., 2005). Here, we review the main factors behind the invasion of a blood-feeding
fly, the deer ked (Lipoptena cervi; Hippoboscidae), in a host population coupled with
substantial expansion of geographical distribution.

9.1.1 Host-parasite Interactions

Warm-blooded vertebrates provide a necessary habitat and resources for a variety
of terrestrial ectoparasites. True ectoparasites, such as ticks (Parasitiformes: Acari),
fleas (Siphonaptera), lice (Phthiraptera) and many louse flies (superfamily Hip-
poboscoidea: Diptera), are specialized in inhabiting the host surface for at least part
of their life. During the obligate host-dependent stage(s) they consume host-derived
resources (e.g. blood, secretions, keratin, skin cells; Lehane, 2005). Due to the tight
host-dependency, factors related to host dynamics, i.e. spatio-temporal variation in
host abundance, and co-evolutionary interactions, are the main factors driving ecto-
parasite invasions (Holt et al., 2003; Meier et al., 2014).

A typical relationship between an ectoparasite and its host is characterized by
co-evolution. Ectoparasites adopt a variety of morphological, physiological, and beha-
vioural adaptations to exploit hosts for living and reproduction. Hosts, in turn, evolve
adaptations to regulate the number of parasites and their negative effects. They may
either behaviourally avoid contact with ectoparasites, or use defensive mechanisms to
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prevent or minimize infections and/or the infection can be counteracted by the immune
system (Agnew et al., 2000; Poulin, 2007). The more competent the host defence
systems, the fewer the chances for the ectoparasite to exploit the host and spread effect-
ively in the host population. Accordingly, well-documented cases of invasions by ter-
restrial ectoparasites have been associated with hosts that have not yet evolved efficient
defences against the invaders [e.g. the winter tick Dermacentor albipictus invasion of
moose Alces americanus in Northern America (Samuel et al., 2000) and the deer ked
invasion of European moose Alces alces in Finland (Kaitala et al., 2009)].

The geographical range size of ectoparasites is often smaller than the range(s)
of its host(s) owing to narrower environmental tolerance of the parasite, and smaller
range sizes are more frequently found among host-opportunistic than in host-specific
ectoparasites (e.g. in fleas; Shenbrot et al., 2007). Accordingly, the most efficient way
for an ectoparasite to adapt to a host environment is to actively select only the most
suitable hosts. However, several potential host species may be available in a given
environment, and depending on the degree of host specificity, ectoparasites exhibit
varying performances across the different hosts (Valimaki et al., 2011). Host-specialist
ectoparasites may use their host more efficiently, but a high degree of specialization
often leads to low performance across the other potential host species (Poulin, 2007).
On the contrary, a generalist parasite should invest in counter-adaptations against
several host species. A lower degree of specificity often results in lower performance
across all potential species, even on an optimal host species. However, ectoparasites
may shift their host preferences according to local host availability (Shenbrot et al.,
2007), and an adaptation to geographically different host populations or species may
be an important determinant of an ectoparasite’s ability to invade new host species
and areas (Harkonen et al., 2015).

Ectoparasites may encounter novel, but potentially suitable host species when
colonizing new geographical areas. A recently infected host is often poorly adapted to
the novel parasite, either because it has not yet developed an immunological defence
or because of fortuitous vulnerability, and hence there is potential for the parasite
to spread rapidly in a new host population (Poulin, 2007). The overall performance
of specialist ectoparasites on a novel host may remain low due to specialization in
native hosts or because the resources derived from novel hosts are of lower quality
than from native hosts (Gandon & van Zandt, 1998). The attempts to reproduce on
low-quality hosts may be so frequent that the invasion process ceases. In other words,
high abundance of low-quality novel hosts qualifies as an ecological trap for ecto-
parasites (Battin, 2004; Robertson & Hutto, 2006; Robertson et al., 2013).

9.1.2 Invasion Process in Temperate Ectoparasites

Ectoparasites’ ability to fly and migrate long distances is often negligible for active dis-
persal. Instead, the vertebrate host usually migrates long distances, and thus the hosts
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are efficient carriers of ectoparasite propagules into new areas. Colonization of new geo-
graphical areas is affected by the extent of propagule pressure, referring to the number
of parasites carried by the host to new environments (Lockwood et al., 2005). Thus, high
host density and high ectoparasite prevalence on the hosts increase both propagule
pressure and genetic diversity in the introduced founder population, and may hence
facilitate the establishment of the ectoparasite population in a new area (Davis, 2009).

During transportation phase, temperate ectoparasites are protected from unfavour-
able external temperatures by the thermoregulatory abilities of their warm-blooded hosts
(Wharton, 1999), but establishment in novel geographical areas depends on the survival
of ectoparasites through the free-living stage(s) (Harkonen et al., 2010; Khatchikian
et al., 2012). Since ectoparasites are rarely able to actively choose their environments,
adaptations to the local abiotic (off-host) or biotic (host) environment are predicted to
only occur when the dispersal rate of the parasite is very low (Kirkpatrick & Barton,
1997). Instead, many ectoparasites have adopted a plastic behaviour and life history that
allows them to tolerate conditions in different off-host habitats (Gandon & van Zandkt,
1998). When survival requires phenotypic plasticity, wide ecological requirements and
high ecological tolerance, the same characteristics may facilitate the invasion process
across different off-host environments (Agrawal et al., 2001; Yeh & Price, 2004).

An essential requisite for persistence of an ectoparasite population in a new
area is an individuals’ ability to complete its life-cycle, i.e. ectoparasites must find a
host from the new environment during the free-living infective stage. Most true ecto-
parasites exploit a sit-and-wait host-ambushing strategy instead of an active ‘cruis-
ing’ strategy, and thus the infection strongly depends on the probability of close host
contact (Fenton & Rands, 2004). High local host density is particularly important for
host-ambushing ectoparasites to increase the likelihood of host encounter. Host dens-
ities are likely to decline towards the host’s distribution range edge, which could limit
ectoparasites’ range expansion by decreasing the probability of host encounter. In
addition, since ectoparasites are often restricted to using the same host through the
reproductive lifespan, a low number of infective-stage ectoparasites on an individual
host animal reduces the probability of male-female pair formation and subsequent
reproductive success (Gascoigne et al., 2009; Kramer et al., 2009). Thus, low ectopara-
site density in recently colonized areas can prevent further spread of invasive species
because of the Allee effect (Lewis & Kareiva, 1993; Tobin et al., 2011).

Ectoparasite persistence in a given environment also depends on the interactions
between individual life-history and the experienced abiotic environment (Harkonen
et al., 2010; Stearns & Hoekstra, 2005). Towards higher latitudes the severity of winter
increases, and the length and temperature of the growth season decline (Bale & Hay-
wards, 2010; Crozier, 2004a,b). Survival and development during off-host stages are
dependent on seasonal temperature variation, and hence colder climate commonly
increases winter mortality, prolongs the developmental period, and may thus limit
range expansion of ectoparasites (Harkonen et al., 2010). Timing of the infective stage
is particularly important in the north, where the potential transmission period is often
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short due to earlier arrival of winter (Harkonen et al., 2010; Samuel et al., 2000). Thus,
the prolonged development due to cold climate, and thereby delayed emergence of
the infective stage, may lead to a mismatch with host availability and decrease the
probability of host encounter.

In theory, when suitable hosts are numerously available beyond the distribution
range limits and abiotic environmental factors do not restrict parasite numbers, ecto-
parasites may spread rapidly in a host population and across geographical areas in an
invasive manner. However, due to geographical differences in absolute and relative
densities of differently suitable host species, the ability of ectoparasites to survive
and complete their life-cycle may vary markedly, resulting in population differences
in invasion potential (Harkonen et al., 2015). Particularly among host-specialist ecto-
parasites, relative rather than absolute density of primary host species is likely to
determine the invasion potential of an ectoparasite.

9.2 Effects of Host Dynamics and Deer Ked Life Histories
on Population Invasiveness

The blood-sucking deer ked (Lipoptena cervi, Hippoboscidae) is an Old World dipteran
ectoparasite of European moose (Alces alces) and other boreal cervids (Cervidae). Its
distribution extends from the British Isles through Europe and Russia to Northern China
and the Korean peninsula (e.g. Haarlgv, 1964; Sleeman, 1983; Kim et al., 2010; Valimaki
et al., 2010). In addition, the deer ked was apparently introduced in North America
in the late 1800s by an unknown European deer species, and currently infests native
cervids of the North-eastern United States (Samuel et al., 2012).

In Fennoscandia (Northern Europe), the deer ked has undergone significant
geographical expansion in distribution during recent decades (Valimdki et al.,
2010; Figure 9.1). In addition, a moose has been found to host over 17,000 deer keds
(Paakkonen et al., 2010), demonstrating the intensity of fly infestation in recently col-
onised hosts. The contributing factors for the invasion potential of deer ked among
the Fennoscandian cervid populations and their range expansion towards high lat-
itudes have been studied intensively (Harkonen, 2012; Harkonen et al., 2010, 2012;
2013; Kaitala et al., 2009; Kaunisto, 2012; Kaunisto et al., 2011, 2012; Madslien, 2013;
Madslien et al., 2012; Meier et al., 2014; Nieminen et al. 2012, 2013; Paakkonen, 2012;
Paakkonen et al., 2010, 2012; Viliméki et al., 2010, 2011). The importance of host
dynamics and life-history attributes in deer ked invasion are reviewed here.

9.2.1 Invasion of Fennoscandian Cervids

The distribution of the deer ked in Fennoscandia is divided by the Baltic Sea into
two distinct, western (Sweden and Norway) and eastern (Finland) ranges (Fig. 9.1.).
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The deer ked is a host-ambushing ectoparasite and requires close contact with a
potential host for infection. Thus, high abundance of suitable hosts is of particu-
lar importance for deer ked invasion. A relatively wide range of cervid species is
available for the deer ked in Fennoscandia (Valiméki et al., 2011). The European
moose (Alces alces) is currently the only host species that promotes high repro-
ductive success of the deer ked in both western and eastern parts of Fennoscandia
(Valiméki et al., 2011). Reproduction on roe deer (Capreolus capreolus) has proved
to be successful only in the western range; in the eastern range, successful offspring
production has been observed only once (Harkonen et al., 2015). There is as yet no
data on reproduction on less common cervids, such as the fallow deer (Dama dama)
or the red deer (Cervus elaphus), in the western range. In the eastern range, deer
ked reproduction — with low success — has been reported on reindeer subspecies
[semi-domesticated reindeer (Rangifer tarandus tarandus; Kaunisto et al., 2009)
and wild forest reindeer (R. t. fennicus; Valiméki et al., 2011). In the southern parts
of eastern range, the white-tailed deer (Odocoileus virginianus) is relatively common
in dense deer ked areas, but no evidence of infestation has been found (Valimaki
et al., 2011).

Abundances of many large vertebrates, including cervids, have been regulated by
man, which has exerted immediate consequences on their parasite community and
distribution (reviewed by Thomas et al., 2009). Correspondingly, many Fennoscan-
dian cervid species have undergone remarkable population declines during the last
centuries due to human activities, such as hunting and forest management (Liberg
et al., 2010; Tiilikainen et al., 2012). Today harvest policies and other management
actions are similar in both the western and eastern parts of Fennoscandia (Luoma,
2002). In particular, moose and roe deer population sizes are maintained in artifi-
cially large numbers for recreational hunting purposes, facilitating outbreaks of deer
ked (Meier et al., 2014; Figure 9.2).

The deer ked was first reported by Carl Linneaus in Sweden, Western Fennoscan-
dia (i.e. Scandinavian Peninsula; Linneaus, 1758). This western deer ked population
originates from Central Europe, but its arrival time in Sweden is not exactly known.
The colonization of the Scandinavian Peninsula has been poorly documented, but
the deer ked has been resident in southern and central parts of Sweden since at least
the 18" century (below the latitude of 62°N; Fig. 9.1). The abundances of the two main
hosts in the western deer ked range, the moose and the roe deer, have varied inde-
pendently from near extinction to very large numbers (Lavsund et al., 2003; Liberg
et al., 2010). The Scandinavian roe deer was hunted nearly to extinction before the
remnant population was declared protected in Southern Sweden around 1840. The roe
deer quickly recovered and recolonized most of the Scandinavian Peninsula (Liberg
et al., 2010; Thulin, 2006). The Scandinavian moose population began to recover
markedly later, around the 1930s. It is likely that the roe deer maintained the western
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deer ked population during the threatened moose extinction. Since then, the western
range of the deer ked has remained relatively stable and the population is considered
non-invasive (Valimaki et al., 2010). However, a minor range expansion started in the
1980s when the deer ked spread westwards across the Norwegian border and invaded
South-eastern Norway (Figure 9.1).

Fig. 9.1: lllustration of the bimodal distribution of the deer ked in Northern Europe from the early
1960s to the present. The first verified observations (in Norway and Finland) are indicated by black
dots. The northern range limit is based on scarce observations of the northernmost individuals,
which do not correspond the established range limit. The western and eastern deer ked populations
likely separated thousands of years ago, but there are no genetic differences between the popula-
tions (Jaakola et al., 2015). Reprinted from Vdlimaki et al. (2010), with kind permission from Springer
Science and Business Media.
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Fig. 9.2 (A): Current densities of the moose Fig. 9.2 (B): Current densities of the roe deer
(VHD = very high density, HD = high density, (HD = high density, MD = medium density,

MD = medium density, LD = low density, LD = low density, N = no observations) in

VLD = very low density) in Sweden (Kindberg Sweden (Liberg et al., 2010; harvesting numbers
etal., 2008) and Finland (FGFRI, 2011). The in 2004) and Finland (FGFRI, 2013; Snow-track
northernmost observations of the deer ked are counting). The northernmost observations of the
presented as a black dashed line (according to deer ked are presented as a black dashed line
Vilimaki et al., 2010). (according to Valimaki et al., 2010)

The first records of the deer ked in Eastern Fennoscandia are from 1960 in South-
eastern Finland, where it arrived from Russia (former U.S.S.R.; Hackman et al., 1983).
Systematic moose management in Finland began in 1969-1971 when the nearly extinct
moose was declared protected, after which moose numbers showed an exponential
population increase (Luoma, 2002). Accordingly, the spread of the deer ked began
from the latitude of 60°N in the 1970s, and during the following twenty years its range
extended to western and central parts of Finland (Hackman, 1977). In other words, the
spatial and temporal dynamics of the deer ked outbreak are closely associated with
the extremely rapidly expanded distribution and increased densities of moose (Meier
et al., 2014). The range expansion towards higher latitudes was rapid until the north-
ern range limit was recently reached, along the latitude of 65°N where the southern
border of reindeer herding territory is located (Valimaki et al., 2010). Altogether, the
eastern range extended over five latitudes and two climatic zones in less than 50 gen-
erations (i.e. 50 years). Hence, the eastern deer ked population has been considered
an invasive population.
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Taken together, the western distribution has remained at markedly more south-
ern latitudes for centuries compared to the distribution of eastern population. There
are no definite figures of the present total number of moose in Sweden and Finland,
but the harvest level and local surveys indicate that winter populations (post-harvest)
are around 200,000 individuals in Sweden (2005) and 80-90,000 in Finland (2006)
(Liberg et al., 2010). In Sweden, the roe deer population has been estimated to consist
of 400-500,000 individuals (post-harvest in 2005-2007; Liberg et al., 2010). The
present roe deer number in Finland is significantly lower, being approximately 15,000
individuals (Burbaité & Csanyi, 2009). Moreover, these cervids are available for the
deer ked beyond the current range limits (Figure 9.2) indicating that the latitudinal
differences are not simply explained by abundance of suitable hosts. Instead, the dif-
ferences in invasiveness of deer ked populations likely derive from co-evolutionary
or environmental factors driving the population dynamics through off-host survival
(Harkonen et al., 2015).

9.2.2 Life-history Variation in the Deer Ked

9.2.2.1 Reproduction and off-host Survival
A cervid host offers a constantly favourable habitat for the deer ked — feeding, mating
and reproduction occur on the host all year round (see Figure 9.3). The deer ked is
a live-bearing, viviparous insect: the development of an embryo and egg-hatching
occurs inside the female, where the larva is nourished through “milk glands” until it
reaches the final instar. The mother gives birth to one pre-pupa at a time, which com-
pletes its pupation immediately after birth. The total offspring number of a female
has been estimated as few dozen at maximum (Ivanov, 1981). The new-born pupae
drop off from the host to undergo an obligate free-living period, including phases of
diapause (i.e. winter dormancy that varies in its duration according to the birth date),
pupal development, and host search as an adult (Harkénen & Kaitala, 2013).
Viviparous females provide a safe harbor for juvenile development, and by pro-
ducing well-developed offspring, the survival prospects of each offspring are relat-
ively high (Stearns, 1992). In the deer ked, offspring survival after birth correlates
strongly with its size as large size increases physiological tolerance to environmental
adversities and starvation resistance during the off-host period (Harkonen et al., 2012,
2013). Offspring survival thus depends on the resources their mother transfers from
the host’s blood during larval incubation, but offspring size also varies with respect
to host condition (Hirkonen et al., 2013). When a host is in good condition, it may
be able to increase its immunological resistance against parasites (Tschirren et al.,
2007). As the winter progresses, the condition of a moose declines, which increases
the deer ked’s ability to exploit the host for offspring production — the offspring size,
and thereby also off-host survival, increase steadily from autumn towards the spring
and the end of the reproductive period (Harkonen et al., 2012, 2013).
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Fig. 9.3: lllustration of the deer ked life-cycle. (1) Once an adult finds and attaches on a host, it loses
its wings, exploiting the same host until senescence. (2) Viviparous blood-sucking females give birth
to one full-grown larva at a time. Offspring production starts in autumn and lasts at least until the
following spring (even until July; Harkénen, 2012). (3) The larva pupates immediately after birth and
the pupa falls off from the host, often on a host bedding site. (4) On the ground, the pupae first over-
winter at diapause. (5) Once the temperature rises in the spring, diapause ends and pupal develop-
ment begins. After approx. three months of development, adults emerge in high local synchrony.

(6) The adults may ambush hosts until late autumn.

In addition to host-dependent offspring quality, off-host survival is directly affected by
environmental harshness and the duration of the period outside the host. Due to vivi-
parity, the period of offspring production is exceptionally long (Figure 9.3). In season-
ally challenging environments, early-born small autumn pupae have a low survival
probability due to higher risk of starvation during long winter dormancy (Harkonen
et al. 2013). Since offspring are produced throughout winter months some of them will
risk freezing, and thus the roles of cold tolerance and insulating snow cover for winter
survival are of great importance in areas with frequent harsh frosts (Harkonen et al.,
2012). The newborn pupae are highly tolerant against short-term frosts when they
drop off from the warm host: even without cold acclimation they survive briefly in
temperature as low as -26°C by supercooling. An increase in offspring size enhances
tolerance of pupae to long-term harsh frosts — especially large pupae can tolerate
three days of direct exposure at -20°C but are likely to die if frost period is longer. Late-
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born large pupae in spring overwinter only briefly and do not experience harsh winter
conditions (frosts, lack of snow, predation) (Kaunisto, 2012), and are likely to survive
until the infective stage (Harkonen et al., 2012, 2013). Taken together, long reproduct-
ive period and production of large well-developed offspring increases the probability
that some of the introduced propagules will experience favourable conditions in a
novel off-host environment and survive long enough to find a host.

The deer ked adults emerge in late summer and search for a host through the autumn.
A host-ambushing adult relies on very simple host location cues; it does not discrimin-
ate between potential hosts, instead attacking all large, dark, moving objects, includ-
ing humans, dogs, cows, and horses (Kortet et al., 2010). The adults are able to survive
without feeding for a few months while sitting-and-waiting for a potential host to pass
by. In addition to risk of starvation before host contact, arrival of winter may cease the
host search period. However, the adult stage may briefly tolerate frost below -15°C and
host search may continue as long as the daily temperatures remain high enough for flying
(Hérkonen et al., 2012; Nieminen et al., 2012). The ability to tolerate autumnal frosts may
extend the host search time and thereby facilitate the range expansion northward.

9.2.2.2 Host-specific Life History Variation

Ectoparasite life histories at the margin distribution areas determine the invasion
potential of a population, i.e. the ability to spread beyond established range limits
(Bridle & Vines, 2006; Hill et al., 2011; Sexton et al., 2009). Large size and high
physiological tolerance are generally among the best predictors of invasion success
(Davis, 2009). Both these characteristics in the deer ked are closely associated with
host-derived resources (Harkonen et al., 2012). However, distinct co-evolutionary
and invasion histories of the Fennoscandian populations have modified deer ked life
history characteristics, and nowadays the local host species and populations differ in
their quality for deer ked reproduction (Harkonen et al., 2015).

The most important difference in deer ked characteristics between the noninvasive
western and invasive eastern populations is body size. The pupae and adults in the
invasive population may be as much as twice the size of the non-invasive population
(Véliméaki et al., 2011). This difference has likely emerged as a result of long co-evolu-
tion with different hosts. For example, a positive relationship has been observed
between ectoparasite size and host mass (Poulin, 1998). Large size and inability to
infect multiple host species indicate that the invasive eastern population is well-adap-
ted to exploit the largest cervid, i.e. the moose. Although the joint history of moose and
the invasive deer ked in eastern Fennoscandia is short, the moose has already become
the native host species in its origin areas in Eastern Europe and Russia (Ivanov, 1981).
Co-occurrence of the western deer ked with roe deer goes back to Central Europe,
where the deer ked has exploited medium- or small-sized cervids as its native hosts
(Haarlgv, 1964). Joint history with the moose is shorter as it presumably started when
deer ked colonized Western Scandinavia. Simultaneous co-evolution with several
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cervids, and particularly with small-sized cervids, may have selected for small body
size in the western deer ked population (Harkonen et al., 2015).

Reciprocal influence of the host resistance and the deer ked female’s ability to
invest resources in developing larva varies with respect to invasion histories and
with different host species. In other words, variation in offspring size and cold toler-
ance indicate immediate host effects on off-host survival owing to local variation in
host condition or quality (Hdrkoénen et al., 2012, 2013). Within the well-established
western range, offspring size, survival, and cold-hardening capacity are greater on
pupae produced on roe deer than on moose in the same area, indicating a higher
ability to exploit roe deer for reproduction. On the other hand, the moose differ in
quality for reproduction between the eastern and western populations. We have
observed production of offspring with markedly larger size, higher supercooling
capacity and survival on moose in the invasive eastern than in the stable western
population (Harkonen et al., 2015). Such differences in performance on the same host
species in different geographical areas indicate that the invasive, moose-specialist
deer ked exploits the moose more efficiently for offspring production. When parasites
become locally adapted on one host species they often lose the ability to infect other
hosts (Gandon & Van Zandt, 1998). Accordingly, the reproductive performance of the
eastern population on any other local cervid species (roe deer, wild forest reindeer or
semi-domesticated reindeer) is very low (Kaunisto et al., 2009; Kynkd4nniemi et al.,
2010; Valimaki et al., 2011). Interestingly, our preliminary findings suggest that the
deer keds in the recently expanded western subpopulation in Norway exhibit a sub-
stantial increase in size and viability compared to the old, well-established core pop-
ulation in Sweden. The recently invaded moose population in Norway may still have
low ability to resist the deer keds, and thus the deer keds may hold the potential to
spread in that area owing to higher ability to survive in adverse off-host environments.

9.2.3 Current State of Deer Ked Invasion

The potential for further invasion of the deer ked would primarily depend on host
availability and their movements and secondarily on off-host survival beyond the
current range limits. In theory, both Fennoscandian deer ked populations have the
potential to spread further north because a high number of cervids are also avail-
able far beyond the current northern range limits. Long distance migrations of cervids
facilitate spreading of the deer ked to new areas. For example, moose are highly
mobile and may move for hundreds of kilometres between seasonal ranges during the
deer ked’s reproductive life span (Heikkinen, 2000). However, current distribution
limits correlate with the density of that host species on which the off-host survival
probability is the highest. In the western deer ked range, the roe deer is currently
the most abundant cervid species in the area (Liberg et al., 2010) — it is common in
the southern and central parts of Scandinavia but rarer further north (Figure 9.2B).
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Accordingly, the well-established deer ked range limit follows the high density roe
deer distribution, rather than moose distribution which is high also beyond the
current northern range limit. Correspondingly the invasive eastern population has
followed spatio-temporal variation in moose densities. Northward range expansion
has also exposed the semi-domesticated reindeer populations to a novel ectopara-
site (Kynkddanniemi et al. 2010, 2014). Once the deer ked range extended to south-
ern reindeer herding areas, where the densities of reindeer are tenfold compared to
moose densities in the area, its invasion ceased. Along the current northern range
limit, the deer ked has been reported to infect reindeer but the reproductive success
is low (Kaunisto et al., 2009; Kynkdanniemi et al., 2010), suggesting that low quality
hosts may function as an ecological trap for the deer ked, preventing further spread
(Aikio & Kaitala, unpublished data). Taken together, instead of absolute density of the
host species, the relative densities of different host species play an important role in
deer ked invasion potential in the future.

The deer ked pupae dropping off from the host during seasonal migrations are
effectively distributed over a wide range of habitats and climatic conditions. Due to
viviparous production of large, high-quality offspring, the deer ked off-host stages are
highly tolerant to northern adversities prevailing outside the host. However, in order to
establish even further north, free-living stages should not only tolerate low temperat-
ures but also adjust the life-cycle to shorten the growth season. Although the eastern
invasive deer keds have better ability to survive in the north due to larger size and higher
cold tolerance, off-host survival of the western deer keds does not differ so dramatically
that it would consecutively explain their southern range limits. Under identical condi-
tions, however, adults from the stable western population emerge markedly later than
in the invasive eastern population (Vilimaki et al., 2011). Longer development time
indicates that the emergence of the infective stage in the western population is adjusted
to the relatively longer and warmer summer prevailing in Southern Fennoscandia and
thus, there may be a mismatch between emergence time and ability to ambush hosts
under colder northern climate conditions, and thereby a limit to northwards invasion.
On the contrary, faster pupal development rate in the eastern range has facilitated rapid
northwards invasion (Kaunisto et al., 2011). Furthermore, a transplant experiment con-
ducted using the invasive eastern population showed that the deer ked is able to com-
plete its pupal development at the latitude of 70°N, i.e. 500 kilometres to north from the
current range limit (65°N). Further northward invasion may still be unlikely because
lower spring and summer temperatures restrict the parasite numbers substantially by
decreasing pupal survival, delaying adult emergence, and shortening the time window
for host search (Harkonen et al., 2010).

9.2.3.1 Socio-economical Consequences of Deer Ked Invasion
The detrimental effects of deer ked on host health have been contradictory — severe
alopecia has been associated with massive deer ked infestation in Norway (Madslien
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et al., 2011) whereas no physiological effects, or only minor effects, have been repor-
ted in moose in Finland (Paakkonen et al., 2012). However, the blood-feeding deer ked
is a potential vector for transmitting various diseases (Rantanen et al., 1982; Dehio
et al., 2004). The deer ked is known to harbour haemotrophic Bartonella schoen-
buchensis. The same Bartonella species have been identified, with high prevalence,
in moose in areas with deer ked infestation (Duodu et al., 2013; Korhonen et al., 2015).
It is yet unknown whether chronic bacteremia with Bartonella has any impact on the
health of the moose, or on other species that the deer ked may attack.

The outbreak of the deer ked has been accompanied by public health issues for
humans, particularly in high density areas in southern and central parts of Finland.
Due to simple host location cues, the deer ked often mistakenly attacks humans (Kortet
et al., 2010). The deer keds readily accept humans as a host, but they have never been
reported to reproduce on humans. Instead, an increasing number of people are suffer-
ing from chronic, long lasting dermatitis associated with deer ked bites (Laukkanen
et al., 2005). The incidental infestation is a nuisance in that it affects participation
in autumnal outdoor activities, such as hunting and berry picking (Harkonen et al.,
2009). Moreover, given that deer keds may take blood meals from humans, there is
also substantial risk for occasional transmission of B. schoenbuchensis to humans,
but its direct health risks for human have not yet been demonstrated (Dehio et al.,
2004; Duodu et al., 2013; Korhonen et al., 2015).
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In a nutshell

— A considerable fraction of biological invasions is a consequence of human activ-
ity. For terrestrial ectoparasites, those activities include artificial regulation of the
numbers of host animals. Ectoparasites may spread in an invasive manner when
suitable hosts are numerously available beyond the distribution range limits, and
the abiotic environment does not restrict parasite numbers. However, management
of invasive ectoparasites may be challenging because of host-parasite co-evolution
and their interactions with the abiotic environment.
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-  Harvesting and regulation of cervid species have been a major determinant of deer
ked invasion across Fennoscandia. In Finland, Eastern Fennoscandia, the invasion
of blood-feeding deer ked of European moose has been intense once the host popu-
lation recovered from over-harvesting. During the recent decades the geographical
range expansion of the ectoparasite towards higher latitudes has also been rapid.
In Sweden, Western Fennoscandia, the deer ked have alternately exploited two host
species — the moose and roe deer — for centuries, and the ectoparasite population
has been stable and remained at markedly lower latitudes. However, a small invasive
frontier has recently emerged from the stable population after which the distribution
expanded westwards to Norway.

—  The deer ked life histories across Fennoscandia have been modified by co-evolution-
ary specialization on different local hosts. The invasive eastern deer ked only exploits
moose efficiently, and females produce large and cold-tolerant offspring with high
survival probability outside the host. High success on moose has been explained by
short co-existence and specialization in only one host species. The stable western
deer ked population has undergone long co-evolution with both moose and roe deer.
At present, the western deer ked exploits the roe deer more efficiently than moose,
but as a cost of having two main host species, particularly the offspring size, and
consequently the off-host survival is lower than in the eastern population.

— In theory, both Fennoscandian deer ked populations have high invasion potential
since current host abundances are high and also available beyond current range
limits. However, the host effects on the deer ked life histories and off-host perform-
ance varies between the populations due to co-evolutionary interactions. Invasion
of deer keds seems to be limited by high density of low-quality hosts. Thus it is the
relative, not absolute, densities of the local host species which determines the pop-
ulation differences in invasion potential.
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