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Abstract The water boatman Trichocorixa verticalis
verticalis (Fieber 1851) is originally from North America
and has been introduced into the southern Iberian Penin-
sula, where it has become the dominant Corixidae species
in saline wetlands. The reasons for its success in saline
habitats, and low abundance in low salinity habitats, are
poorly known. Here we explore the potential role of water
mites, which are typical parasites of hemipterans, in the
invasion dynamics of 7. v. verticalis. We compared in-
fection levels between T. v. verticalis and the natives Si-
gara lateralis (Leach, 1817) and S. scripta (Rambur, 1840).
No mites were found in saline wetlands where 7. v. verti-
calis is highly dominant. Larvae of two mite species were
identified infecting corixids in habitats of lower salinity:
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Hydrachna skorikowi and Eylais infundibulifera. Total
parasite prevalence and prevalence of E. infundibulifera
were significantly higher in 7. v. verticalis compared with
S. lateralis and S. scripta. Mean abundance of total in-
fection and of E. infundibulifera and H. skorikowi were
also higher in T. v. verticalis. When infected with H. sko-
rikowi, native species harbored only one or two parasite
individuals, while the smaller T. v. verticalis carried up to
seven mites. When infected with E. infundibulifera, native
species harboured only one parasite individual, while 7. v.
verticalis carried up to 6. Mite size didn’t differ among
host species, suggesting that all are suitable for engorge-
ment. Both mite species showed a negative correlation
between prevalence and salinity. 7. v. verticalis suscepti-
bility to parasitic mites may explain its low abundance in
low salinity habitats, and may contribute to the conserva-
tion of native corixids. The success of T. v. verticalis in
saline wetlands may be partly explained by the absence of
parasitic mites, which are less halotolerant.

Keywords Trichocorixa verticalis verticalis - Corixidae -
Water mite - Hydrachna skorikowi - Eylais infundibulifera -
Dofiana

Introduction

Invasive species have become a major conservation prob-
lem in aquatic ecosystems at the global scale (Leppédkoski
et al. 2002). Understanding the interactions between inva-
sive species and the recipient community (including free-
living organisms and parasites) is key to understanding the
invasion process, to improve our capacity to predict the
outcome of invasions and to design strategies for the
conservation of native taxa.
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The introduction and spread of invasive species is a sig-
nificant but insufficiently studied factor in disease emer-
gence (Kelly et al. 2009a; Mastitsky et al. 2010). Although it
is now widely recognized that the impacts of species intro-
ductions on native communities are often mediated via
parasites (Prenter et al. 2004; Dunn 2009), our understanding
of how such impacts occur is incomplete. Most studies have
focused on the effect of the loss of coevolved parasites during
the introduction process (‘Enemy Release Hypothesis’,
Torchin et al. 2002, 2003; Keane and Crawley 2002; Colautti
et al. 2004; Prenter et al. 2004), and the introduction of exotic
parasites arriving with alien hosts to the recipient community
(‘Parasite Spillover’, Dobson and Foufopoulos 2001; Power
and Mitchell 2004). However, with the exception of native
parasites affecting exotic plants and invertebrates of eco-
nomic importance, which have been the subject of studies of
biological control (Williams et al. 2003; Li et al. 2012), the
acquisition of new parasites by exotic species has been
largely overlooked, even though it is potentially a frequent
and important process (Kelly et al. 2009b; Mastitsky et al.
2010). Depending on the mechanism and the role played by
the novel parasite, the consequences for the invasion success
of the alien host and the impact on the recipient community
can be highly variable. Disentangling such mechanisms will
improve our understanding of biological invasions and en-
hance our ability to predict the outcomes of ongoing and
future invasions.

Trichocorixa verticalis verticalis (Hemiptera: Corixidae)
is native to North America and occurs in brackish and saline
wetlands (Sailer 1948). Recently it has invaded aquatic
ecosystems in Africa, Oceania and Europe, where it is the
only known exotic corixid (Rabitsch 2008, 2010; Guareschi
et al. 2013). It is predicted to spread extensively across
Europe during the course of this century (Guareschi et al.
2013). However, there are currently few data on its potential
ecological impact in the introduced range. In its native North
America, this omnivorous insect is important in structuring
the pelagic planktonic communities of aquatic ecosystems
through predation on cladocerans (Simonis 2013) and
anostracans (Wurtsbaugh 1992). In Great Salt Lake (USA),
during periods of low salinity, T. v. verticalis has been shown
to affect the food web of the lake through its predation on
brine shrimp Artemia franciscana Kellog, 1906 (Wurts-
baugh 1992). It causes a strong trophic cascade affecting
microbes and phytoplankton (Wurtsbaugh 1992). Therefore,
we can expect T. v. verticalis to have a significant impact in
wetlands of the introduced range.

In its introduced range in the south of the Iberian
Peninsula, T. v. verticalis is highly dominant and abundant
in permanent saline fish ponds and salt ponds where native
Corixidae are rare and may have been competitively ex-
cluded. In contrast, native corixids dominate in seasonal
ponds and marshes of lower salinity within the same
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general area (Rodriguez-Pérez et al. 2009; Van de Meutter
et al. 2010a). This strong pattern in relation to salinity
remains unexplained, especially as experiments with adult
corixids have shown that 7. v. verticalis adults perform
well at low salinities and are not more resistant to high
salinities than some native corixids (Van de Meutter et al.
2010b; Coccia et al. 2013). Indeed, the native Sigara se-
lecta (Fieber, 1848) is more halotolerant than 7. v. verti-
calis (Van de Meutter et al. 2010b).

There is no previous information on the potential role of
parasites in the invasion dynamics of the American corixid.
Corixidae are known to be hosts to a diverse community of
parasites, water mites (Hydracarina) being among the most
common (Reilly and McCarthy 1991). Parasitic mites occur
in almost all fresh and brackish aquatic environments, where
they can reach densities of more than 2000 specimens per
square meter (Smith et al. 2010). While most nymphal and
adult stages are predatory and free-living in aquatic
ecosystems, the larval stage is parasitic (Davids 1973). Mites
can strongly impact host populations and influence biologi-
cal interactions between corixid species (Smith 1977).
Therefore, they have the potential to play an important role in
the outcome of competition between native and invasive
species. However, there are no previous studies of parasitic
mites on the Corixidae of the southern Iberian Peninsula.
Likewise, there is a lack of information about factors af-
fecting host preference by water mites. The size of hosts
appears to be one important factor (Blower and Roughgarden
1988) and the difference in size between T. v. verticalis and
native species may potentially influence parasitism rates and
hence the success of the invasion.

The aim of this study was to compare infestation levels of
larval water mites in native (Sigara lateralis and Sigara
scripta) and exotic corixids (7. v. verticalis) along the salinity
gradient in Dofiana in southwest Spain, and to consider their
role in the invasion of T. v. verticalis. We test the following
hypotheses: (1) T. v. verticalis is released from mite parasitism
atthe high salinities where it dominates; (2) parasites grow to a
larger size in larger corixid species; and (3) mites attach to a
wider range of body parts in 7. v. verticalis because this spe-
cies is less sclerotized than native species. The results of this
study may have important implications for the conservation of
native corixid fauna in Europe.

Materials and methods

Study area

The climate in the study area is Mediterranean subhumid,
characterized by hot, dry summers and mild winters.

Sampling of seasonal habitats where native and invasive
corixids coexist was mainly conducted within the
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Caracoles estate in the northern edge of Donana National
Park (Southwest Spain, see Fig. 1). This is a marshland
area containing 96 experimental temporary ponds of dif-
ferent size and depth (see Frisch et al. 2012; Sebastian-
Gonzalez and Green 2014 for details). Experimental ponds
are fed mainly by precipitation that occurs generally from
late September to early April.

Sampling was also carried out in the Veta la Palma fish
ponds (Fig. 1) where T. v. verticalis is the dominant corixid
(Rodriguez-Pérez et al. 2009; Rodriguez-Pérez and Green
2012). Veta la Palma is an extensive fish farm composed of
37 shallow brackish ponds within Dofiana Natural Park.
These permanent, saline, ponds are supplied with water
from the estuary of the River Guadalquivir (see Klos-
kowski et al. 2009; Rodriguez-Pérez and Green 2012 for
details). In general, the fish ponds are much more saline on
average than the seasonal marsh and temporary ponds in
Donana (Rodriguez-Pérez et al. 2009; Kloskowski et al.
2009; Van de Meutter et al. 2010a).

Details of the sampling sites, dates and sampling
objectives are summarized in Table 1.

Specific sampling

On 27 June 2011 a total of 307 adult corixids (111 7. v.
verticalis, 103 S. lateralis and 93 S. scripta) were collected

Atlantic ocean

Fig. 1 Map of the study area showing the Donana region in southern
Spain (a). The solid lines indicate the boundary of Dofiana National
Park and the dashed lines indicate Dofana Natural Park (b). The area
where we found water mites within the Caracoles estate and
immediate surroundings is framed. Red crosses represent sites with
water mites and corixids; black dots indicate sampled sites without

specifically for the study of parasites using a D-framed
pond net (500 um mesh; 16 x 16 cm) from an individual
temporary pond at the Caracoles estate (hereafter AC3).
The sampling date was selected because corixids reached
maximum abundance in summer, and this particular pond
was chosen based on previous observations of the species
coexistence [authors’ personal observation]. After collec-
tion, individuals were placed inside plastic containers filled
with damp aquatic vegetation and transported alive to the
laboratory. Once at the laboratory, specimens were care-
fully separated and individually stored in 1.5 ml Eppendorf
tubes filled with 70 % ethanol, until examination for
parasites. This sampling was designed to minimize the
probability of water mites becoming detached from the
host prior to examination, in order to have an exact mea-
sure of infection rates.

General sampling in Caracoles and Veta la Palma ponds

We also studied the prevalence of infected corixids in a
large collection of samples collected from 32 ponds within
the Caracoles estate, which were representative of all size
and depth classes and 10 points within 7 natural or semi-
natural waterbodies in the immediate surroundings (Fig. 1)
during May—June of 2 years (2010-2011), as part of a
broader study on the invasion of 7. v. verticalis. Water

water mites but with corixids. The number (/) indicates FAO sample
sites and (2) indicates Veta la Palma fish ponds. Map detail ¢ shows
the spatial arrangement of all sites with water mites. The number (3)
indicates the pond (AC3) of the specific sampling. See Frisch et al.
(2012) for further details of the Caracoles ponds
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Table 1 Summary of the location, dates and objectives of sampling

Sampling type General sampling
Main objective

Study area/total no ponds/date

Broader study of seasonal dynamics of corixid communities; plus water mite infections
Caracoles estate and waterbodies in the immediate surroundings/42 ponds/May—June 2010-2012

Veta la Palma fish ponds/3 ponds (Gaveta 3, A3, A7)/May—July 2011

Sampling type Specific sampling
Main objective

Study area/no ponds/date

Most accurate possible calculation of mite infection rates
Caracoles estate/1 pond (AC3)/27 June 2011

salinities vary spatially and temporally, with a range of
2.62-37.8 ppt during the study period in the selected sites.

Details of mite infections are presented here for those
sites that held both parasitic mites and at least two species
of corixids. To establish the prevalence and abundance of
mites in the fish ponds where 7. v. verticalis is highly
dominant, we examined 909 T. v. verticalis adults collected
from 3 permanent ponds (G3, A3 and A7, which were
representative of the salinity gradient within the pond
complex) during May—July 2011 (Fig. 1). Water salinities
varied from 4.3 to 25.8 ppt during the study period in the
selected ponds. These samples were collected in a sweep
net as before, but individuals from the same pond were
stored together in 5 ml vials filled with 70 % ethanol until
they were examined for the presence of parasites. There-
fore we cannot exclude the possibility of some mites be-
coming detached from their hosts (although the attachment
sites remain visible, see “Results”).

Some free-living adult mites were found in four differ-
ent sites during the general sampling: two temporary ponds
within the Caracoles estate (AC4 and AES); one semi-
natural pond (FAO pond) within Donana National Park;
and one intermittent stream (Cafio Guadiamar) within
Dofiana Natural Park (during March 2010, and March and
May 2011). These samples were used to compare species
composition with parasitic larvae and to aid larval identi-
fication. Salinity (ppt) was measured in situ using a WTW
340i multiprobe.

Using a stereomicroscope we identified each corixid
species in our samples (after Jansson 1986; Nieser et al.
1994; L’Mohdi et al. 2010), determined its sex and checked
for the presence of mites. Body length of corixids was
measured on images taken with a digital camera (AxioCam
Iccl) connected to a Zeiss microscope (Discovery V8). For
the inspection of the thoracic and abdominal torsum,
hemielytra and wings were lifted. We measured prevalence
(proportion of individuals infected), mean abundance
(number of parasites averaged for each corixid species),
and mean intensity (number of parasites averaged for all
infected corixids) for total mite infection and for each mite
species in the different hosts (see Bush et al. 1997 for
definitions of infection descriptors).
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We recorded the attachment site for each individual mite
and compared the susceptible surface area between dif-
ferent hosts using all infected individuals (from both
specific and general samplings). Site of attachment was
subdivided into different regions: head, pronotum, legs
(pairs 1-3/right-left/femur, tibia, tarsum), abdomen (1-7
abdominal segments) and thorax. All water mites were
measured on images, in the same manner as corixids, as
indicators of parasite growth (Davids 1973).

Larval identification

Larvae were inspected under a Zeiss Standard bright-field
microscope and a representative subset were detached,
slide mounted and studied with a Leica TCS SPE Confocal
Laser Scanning Microscope (see Lorenzo-Carballa et al.
2011 for detailed procedure). Serial sections were acquired
and subsequently worked out with Fiji/Imagej (ver 1.48d;
downloaded from http://fiji.sc/Fiji), Amira (ver 5.5.0) and
Photoshop CS5 extended. Morphological diagnostic char-
acters were used to identify Hydrachna (Davids 1973) and
Eylais (Nielsen and Davids 1975).

Statistical analysis

We evaluated the significance of the differences between
corixid species in prevalence with Z tests (Snedecor and
Cochran 1989) and in abundance and intensity with
Kruskal-Wallis and Mann—Whitney U tests. We also used
Z tests to compare the prevalence between males and fe-
males of each corixid species. The size of the different host
were compared with Kruskal-Wallis tests followed by
pairwise multiple comparisons, and the size of water mite
larvae were compared with a Mann—Whitney U-test. The
effect of host species, number of parasites per host and
salinity on mite size was analyzed using generalized linear
models. For this particular analysis we used only data from
2011 because of the low number of infected individuals
recorded in 2010.

Generalized linear models with binomial responses were
used to test the effect of salinity and sampling date
(categorized by months and years) on the presence of water
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mite larvae. Generalized linear models were bias corrected
according to Firth (1993). P values were always adjusted
for multiple comparisons through false discovery rate
(Benjamini and Hochberg 1995). Statistical analyses were
conducted using Statistica 12.0 (StatSoft, Inc.) and R
(v 2.15.3, R Development Core Team 2008).

Results

Larvae of two water mite species infecting Corixidae
(Hemiptera: Heteroptera) were identified from the Cara-
coles estate: Hydrachna skorikowi Piersig, 1900 and Eylais
infundibulifera Koenike, 1897 (Acari: Hydrachnellae)
(Figs. 2, 3, 4, 5). In addition to these two species, Piona
nodata (Miiller, 1776) (Acari: Hydrachnellae) was identi-
fied in the sample of adult mites. This species has previ-
ously been reported to have populations with females
laying small eggs resulting in parasitic larvae and popula-
tions producing large eggs resulting in non-feeding larvae
(Smith 1988); seasonal shifts in the lifestyle have been also
observed, with a parasitic phase produced in winter and a
free-living one in summer (Bottger 1962). P. nodata can

infect other insect groups such as chironomids (Peyrusse
et al. 2004).

Description of the larvae

Full descriptions of the larvae of H. skorikowi and E. in-
fundibulifera may be found in Davids (1973) and Nielsen
and Davids (1975), respectively. Our identification of
specimens agrees with the general descriptions of the lar-
vae and their diagnostic characters. A median margin of the
first coxa longer than the lateral margin and a pair of strong
setae in the third coxal group are characteristic of the lar-
vae of H. skorikowi (Fig. 4). The larvae and protonymph of
E. infundibulifera has a dorsal plate with converging pos-
terior ridges and a pair of long anterior setae (Fig. 3).

Infection indexes from the specific sampling
in a temporary pond

Total prevalence of water mites at pond AC3 on 27/06/
2011 differed among corixid species. T. v. verticalis ex-
hibited the highest values, followed by S. lateralis and S.
scripta (Table 2). While the exotic T. v. verticalis was

Fig. 2 Individuals of E. infundibulifera (a, b) and H. skorikowi (c, d). These individuals are discoloured by preservation in alcohol. The natural

colour of the mites is red due to the presence of carotenoids

Fig. 3 Protonymph of E. infundibulifera Koenike, 1897. a Dorsal
view. Arrow points to the dorsal plate. Maximum intensity projection.
b Ventral view. Arrows point to vestiges of three pairs of legs.

3 Q

Maximum intensity projection. ¢ Dorsal plate, 3D reconstruction
(Amira). Arrow points to diagnostic groove of E. infundibulifera

@ Springer
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Fig. 4 Hydrachna skorikowi Piersig, 1900. a Larva attached to the femur of Trichocorixa verticalis verticalis. Maximum intensity projection.
b Idiosome, ventral view. The arrow points to a diagnostic character of this species. Maximum intensity projection

Fig. 5 Sigara lateralis showing a brownish spot which indicates the
previous presence of a larval mite

infected by both mite species in this sampling, native
corixid species were infected by only one species (E. in-
fundibulifera for S. lateralis and H. skorikowi for S.
scripta). Paired comparisons (Z tests) showed that differ-
ences in total prevalence were significantly higher in 7. v.
verticalis compared with both S. lateralis (Z = 2.705,
P <0.05) and S. scripta (Z = 2.875, P < 0.05). Preva-
lence of E. infundibulifera was significantly higher in T. v.
verticalis compared with S. scripta (Z = 2.643, P < 0.05)
but not compared with S. lateralis. Differences in preva-
lence of H. skorikowi among corixid species were not
significant. Males and females of the different hosts did not
differ in prevalence in total or for either mite species
(P > 0.05).

Total mean abundance of mites was significantly dif-
ferent between corixid species (Table 2). Pairwise com-
parisons (Mann—Whitney U test) showed that abundance
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was significantly higher in 7. v. verticalis than S. lateralis
(U =5100.5, P <0.005) or S scripta (U= 4563,
P < 0.005), but did not differ between S. lateralis and S.
scripta (U = 4748, P = 0.63). Mean abundance of E. in-
fundibulifera was also significantly different between
corixid species (Table 1), being significantly higher in 7. v.
verticalis than S. lateralis (U = 5308, P < 0.05) or S.
scripta (U = 4696, P < 0.005), but not differing between
S. scripta and S. lateralis (U = 4696, P = 0.18). Mean
abundance of H. skorikowi was also significantly different
between host species (Table 2). Abundance was sig-
nificantly higher in 7. v. verticalis than S. lateralis
(U = 5407.5, P < 0.05), but there were no differences
between T. v. verticalis and S. scripta (U = 4937,
P =0.09) or S. lateralis and S. scripta (U = 4738,
P =0.297).

Total mean intensity of mites was not significantly dif-
ferent between corixid species, neither were there sig-
nificant differences for either mite species (Table 2, but
note the small sample size for native corixids). When in-
fected, native species harbored only one parasite indi-
vidual; however water mite loads in 7. v. verticalis ranged
between 1 and 7 parasites per host (1-6 for E. infundibu-
lifera and 1-3 for H. skorikowi).

Infection index from the general sampling in temporary
ponds and permanent Veta la Palma fish ponds

Samples collected from fish ponds during May (n = 305),
June (n = 94) and July 2011 (n = 510) revealed no evi-
dence of mite parasitism in adult 7. v. verticalis (Table S1).

From samples collected in May—June 2010-2011 in
temporary ponds, we selected the 19 sampling events out of
123 (including ponds in Caracoles estate and natural water
bodies in the surrounding area) in which mite parasites and
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Table 2 Prevalence (P %), Mean Abundance (MA =+ SE) and Mean Intensity (MI + SE) of Hydrachna and Eylais water mite larvae infecting
Corixidae from the Caracoles estate (pond AC3, Dofiana National Park) on 27/06/2011

SL SS VvV H, U
(n = 103) (n = 93) (n=111)
Prevalence (%)
Eylais 1.94 0.00 9.01
Hydrachna 0.00 1.07 5.40
Total 1.94 1.07 12.61
Mean Abundance (MA =+ SE)
Eylais 0.02 £ 0.014 0.00 + 0.00 0.22 + 0.084 H = 12.58%**
Hydrachna 0.00 £ 0.000 0.01 + 0.011 0.08 + 0.036 H = 7.87*
Total 0.02 £ 0.014 0.01 £ 0.011 0.297 £ 0.101 H = 16.89%%**
Mean intensity (MI + SE)
Eylais 1.00 + 0.00 0.00 + 0.00 2.40 + 0.618 U=6
Hydrachna 0.00 £ 0.00 1.00 + 0.00 1.50 £+ 0.342 -
Total 1.00 + 0.00 1.00 £+ 0.00 2.36 + 0.561 U=176

Compared with Kruskal-Wallis and Mann—Whitney U tests

SL = Sigara lateralis; SS = Sigara scripta; TVV = Trichocorixa verticalis verticalis; H = Kruskal-Wallis H statistic; U = Mann—Whitney U

statistic
* P < 0.05; ** P <0.005; *** P < (0.0005

at least two corixid species were recorded. We found
similar patterns of parasite infection as for AC3. S. lateralis
was infected in 9 out of 18 samplings where this species
was present (88.8 % of infected individuals with H. sko-
rikowi and 20 % with E. infundibulifera); S. scripta was
infected in 3 out of 13 samplings where it was present
(100 % of individuals with H. skorikowi and 0 % with E.
infundibulifera); T. v. verticalis was found to be infected in
13 out of 17 samplings where it was present (15.4 % of
individuals with H. skorikowi and 92.3 % with E. in-
fundibulifera) (Table 3). Considering all the samplings
(n = 19), T. v. verticalis showed the highest values of total
prevalence in 13 cases, and S. lateralis in 5 cases. The
maximum values of prevalence for H. skorikowi were 10 %
for S. lateralis, 40 % for S. scripta and 69.2 % for T. v.
verticalis; the maximum values for E. infundibulifera were
1.47 % for S. lateralis and 100 % for T. v. verticalis
(Table 3).

Parasite intensity across the period was 1-2 for E. in-
fundibulifera and 1-7 for H. skorikowi. When infected with
E. infundibulifera, T. v. verticalis was infected with 1-2
individuals, while H. skorikowi load reached up to seven
individuals per host; native species were infected with only
one E. infundibulifera per corixid, and only three S. lat-
eralis were infected with more than one H. skorikowi (two
individuals per host) (Table 3). In addition to 7. v. verti-
calis, S. lateralis and S. scripta, two other infected corixid
species were recorded. Corixa affinis Leach, 1817 which
was infected in two samplings with H. skorikowi (preva-
lences of 7.14 % (n = 14) and 1.44 % (n = 69)) and Si-
gara stagnalis (Leach, 1817) which was infected in only

one sampling with H. skorikowi but with 100 % (n = 1)
prevalence.

Determinants of water mite prevalence

Generalized linear models indicated that water salinity was
a significant predictor for the occurrence of both E. in-
Sfundibulifera (P < 0.001) and H. skorikowi (P = 0.018)
Table 4). In both cases, there was a negative partial effect,
such that prevalence was lower at higher salinities when
controlling for date and corixid species. The prevalence of
E. infundibulifera was significantly lower in either of the
two native corixid species than in T. v. verticalis. Similarly,
the prevalence of H. skorikowi was significantly lower in S.
lateralis than in T. v. verticalis. Prevalence was lower in S.
scripta than in T. v. verticalis, but not significantly so
(Table 4). Sampling date also significantly affected mite
presence. The occurrence of E. infundibulifera was sig-
nificantly higher in June 2011 than in June 2010 or in May
2011. For H. skorikowi, its presence was significantly
higher in May 2011 than in May or June 2010, and sig-
nificantly higher in June 2011 than in June 2010 (Table 4).

Relationship between host size and mite size

We found differences in body length of hosts among corixid
species (Kruskal-Wallis test, H = 128.83, P < 0.001), S.
lateralis being the biggest (4.73 £+ 0.25 mm) followed by S.
scripta (4.39 & 0.25 mm) and T. v. verticalis (4.16 £
0.32 mm). All pairwise comparisons were statistically sig-
nificant (P < 0.05). The two water mite larvae species didn’t
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Table 3 Prevalence (%) of Hydrachna skorikowi (HS) and Eylais infundibulifera (EI) water mite larvae infecting Corixidae (SL = Sigara
lateralis; SS = Sigara scripta; TVV = Trichocorixa verticalis verticalis) from temporary ponds in Donana National Park

Pond Date Salinity SL SS vV

n HS EI n HS EI n HS EI
ENTREMUROS 1 11/06/2010 2.7 35 2.86 0 0 3 0 0
LUCIO DEL LOBO 11/06/2010 22 54 3.7 0 20 0 0 14 0 7.14
ON1GP 14/05/2011 23 32 6.25 0 5 0 0 1 0 0
6N2MP 14/05/2011 4 10 10 0 5 0 0 0
AC3 15/05/2011 1.2 129 8.53 0 5 40 0 13 69.23 0
AC4 15/05/2011 1.3 25 16 0 0 0
AE6 15/05/2011 1.5 51 3.92 0 0 2 0 0
AE8 15/05/2011 34 57 3.51 0 4 0 1 0 0
ON2GP 24/06/2011 4.4 9 0 0 4 0 1 0 100
3N3MP 24/06/2011 8.5 0 0 0 1 0 100
6N2MP 24/06/2011 20.9 2 0 0 0 10 0 20
ON3PP 24/06/2011 7.6 241 0 1.24 38 2.63 0 26 0 15.38
0S2GP 25/06/2011 8.67 46 0 0 0 30 0 10
0S4GS 23/06/2011 23.7 21 0 0 38 0 0 89 0 3.37
3S3MP 23/06/2011 21 31 0 0 7 0 0 34 0 2.94
5S1PP 23/06/2011 59 136 0.74 1.47 1 0 0 10 0 20
AC3 25/06/2011 15.88 43 0 0 30 0 0 53 1.89 5.66
AC4 25/06/2011 23.97 72 0 0 35 0 0 71 0 1.41
CANAL CARACOLES 26/06/2011 8.4 4 0 0 21 4.76 0 16 0 18.75

Only samples (ponds/date) where parasites and at least two corixid species were present are included here (37.8 % of the total number of
samples). Data from AC3, 27/06/2011 (Table 2) are not included

Table 4 Results from a GLM

GO - a - Coefficients Estimate Std. Error Pr(>lzl) Odds ratio

with binomial error estimating

Eylais or Hydrachna presence EYLAIS

according to sample date, Salinity —0.116 0.031 <0.001%* 8.873¢—01

salinity and corixid species

(SL = S. lateralis; SS = S. SL —-2.910 0.480 <0.001* 5.036e—02

scripta) SS —3.553 1.399 0.011* 6.931e—09
05/10 versus 06/10 —1.217 1.608 0.449 1.469e+-06
05/10 versus 05/11 —-1.119 1.996 0.574 8.462e—01
05/10 versus 06/11 2.097 1.466 0.153 6.010e+07
06/10 versus 05/11 0.097 1.621 0.952 1.102
06/10 versus 06/11 3.313 0.866 <0.001* 27.486
05/11 versus 06/11 3.216 1.450 0.026* 24.944

Trichocorixa verticalis HYDRACHNA

verticalis (TVV) was used as Salinity —0.284 0.146 0.018* 0.752

the reference category for the SL —1.868 0.419 <0.001* 0.154

presence of water mite larvae ' ’ ’ '

infecting native Corixids (i.e. SS —0.618 0.609 0.310 0.539

TVV was aliased), as no 05/10 versus 06/10 0.250 1.512 0.868 1.284

significant differences in the 05/10 versus 05/11 3.341 1.418 0.018* 28.259

Erevalen"e of mites were found 516 versus 06/11 2.165 1.600 0.176 8.717

etween native species.

Reference groups for sampling 06/10 versus 05/11 3.091 0.601 <0.001* 22.006

date are those on the right. 06/10 versus 06/11 1.915 0.815 0.019* 6.787

Asterisks indicate statistically 05/11 versus 06/11 ~1.176 0.819 0.151 0308

significant predictors
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differ in size (mean £ SE: 534.98 + 23.18 pm for E. in-
Sundibulifera and 535.29 £ 24.40 ym for H. skorikowi:
U = 575.5, P = 0.985). The size of E. infundibulifera was
very similar between host species (mean £ SE: 573.69 +
22.10 pm for S. lateralis and 566.52 £+ 13.92 pum for T. v.
verticalis). The same was true for H. skorikowi
(549.40 + 62.57 pum for T. v. verticalis; 506.88 + 46.81 pm
for S. lateralis; 617.68 + 207.37 um for S. scripta). Ac-
cordingly, the results of a generalized linear model of mite
size indicated no significant effect of host species, salinity,
nor the number of parasites infecting the host (P > 0.194 for
H. skorikowi and P > 0.181 for E. infundibulifera).
Nonetheless, the date of sampling (May or June) sig-
nificantly affected the size of H. skorikowi (F| 35 = 25.498,
P = 0.00001) with bigger larvae in June. For E. infundibu-
lifera, we didn’t include the effect of date in the generalized
linear model because this mite species was only present
in June.

Differences in attachment sites between mite and host
species

Attachment sites were highly specific for both mite species.
E. infundibulifera invariably attached to the dorsal side of
the abdomen (Fig. 2a, b); H. skorikowi (Fig. 2c, d) mainly
selected the legs but it was also found on the hemelytra,
abdomen, head and pronotum (Table 5). E. infundibulifera
was found attached over a higher surface area when in-
fecting T. v. verticalis (2-5 abdominal segments) compared
to S. lateralis (2-3 abdominal segments) (Table 5). H.
skorikowi attached over a higher diversity of sites when
infecting 7. v. verticalis (legs, abdomen, head, and
pronotum, in order of declining frequency) followed by S.
lateralis (legs, abdomen and hemelytra) and S. scripta (legs
and head) (Table 5). When attached to the legs there was
no significant difference between the proportions on the
right and left sides.

Table 5 Attachment sites of H.

Corixid species
skorikowi and E. infundibulifera

Water mite species

Area of attachment (%)  Specific point (%)

when infecting Sigara lateralis SL
(SL), S. scripta (SS) and
Trichocorixa verticalis

E. infundibulifera

Abdomen (100) Segment II (20)
Segment III (80)
Leg I (7.7)

Leg II (73.1)

Legs (92.8) Femur (100)
Femur (31.6)
Tibia (31.6)
Tarsum (31.6)
Indet (5.2)
Femur (80)

Tibia (20)

Leg III (19.2)

Abdomen (3.6)
Hemelytre (3.6)

verticalis (TVV) from Dofiana H. skorikowi
SS H. skorikowi
TVV E. infundibulifera

H. skorikowi

Data correspond to both the
“specific sampling” and
“general sampling” (Table 1)

Legs (75) Leg I (33.3) Femur (100)
Leg II (33.3) Femur (100)
Leg III (33.3) Tarsum (100)
Head (25)

Abdomen (100)

Legs (87.1)

Abdomen (6.5)

Head (3.2)
Pronotum (3.2)

Segment II (59.3)
Segment III (29.6)
Segment IV (7.4)
Segment V (3.7)
Leg I (3.7)

Leg II (63.0)

Leg IIT (33.3)

Segment V (50)
Indent (50)

Femur (100)
Femur (70.6)
Tibia (29.4)
Femur (77.8)
Tibia (22.2)
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Discussion

Differential infection between native and invasive
corixids

T. v. verticalis is a highly successful invader in coastal
wetlands of higher salinities in the southern Iberian
Peninsula (Rodriguez-Pérez et al. 2009; Van De Meutter
et al. 2010b; Guareschi et al. 2013). Although information
remains limited, its ability to outcompete native corixids at
high salinities seems to be related to its high fecundity and
a capacity to complete several generations a year. Fur-
thermore, the eggs and nymphs of some native corixid
species do not seem resistant to such high salinities (J.A.
Carbonell and C. Coccia, unpublished data). The present
study supports the hypothesis that the much lower relative
abundance of T. v. verticalis in temporary wetlands of
lower salinity may be caused by their susceptibility to
harmful parasitic mites, which are absent in the saline
wetlands. We have shown that T. v. verticalis was not in-
fected by water mites in saline wetlands, where 7. v. ver-
ticalis is often the only corixid species recorded.

It is a widespread pattern that species richness of in-
vertebrates decreases at higher salinities in Mediterranean
wetlands (e.g. Frisch et al. 2006; Waterkeyn et al. 2008),
and adult Eylais mites cannot tolerate the high salinities in
the areas where 7. v. verticalis is found to be dominant (V.
Céspedes, A.J. Green and M.I. Sanchez unpublished data).
Although we cannot rule out the possibility that the ab-
sence of mites from fish ponds is also related to the per-
manent hydroperiod and/or the high density of fish,
decapod shrimps or other predators (Kloskowski et al.
2009), our results from temporary wetlands support a
strong salinity effect. In generalized linear models, a
negative partial correlation between salinity and prevalence
was detected for both mite species. Hydrachna was par-
ticularly rare at higher salinities, so 7. v. verticalis may
encounter this parasite much less than Eylais, which was
much more prevalent at higher salinities. However, date
was confounded with salinity in our dataset because the
temporary wetlands dry out in summer, so that a difference
in phenology between mite species may be more important
than a difference in salinity tolerance.

In temporary wetlands, we recorded consistently higher
levels of parasitism by larval water mites in 7. v. verticalis
compared with S. lateralis and S. scripta, both for H.
skorikowi and for E. infundibulifera. There is a clear pat-
tern of consistently higher prevalence in T. v. verticalis for
E. infundibulifera. In contrast, our generalized linear model
analyses suggest that the greater prevalence of H. skorikowi
in T. v. verticalis is only clear for S. lateralis, and it would
as yet be premature to conclude that this mite favours 7. v.
verticalis as a host compared to all native species.

@ Springer

Both mite species recorded are obligate parasites of
water boatmen (Heteroptera: Corixidae) (Stevens and
Greven 1999; Reilly and McCarthy 1991). H. skorikowi is
a palearctic species, so if it generally prefers T. v. verticalis
as a host, this would be a case of parasite acquisition in
which the exotic species becomes the preferred host com-
pared to native ones. E. infundibulifera has been found in
Europe (including the Iberian Peninsula), Asia and North
America. Such cosmopolitan parasites are usually consid-
ered as acquired (Torchin et al. 2003; Prenter et al. 2004;
Mastitsky et al. 2010), since it is much more likely that
they have reencountered the parasites in the invaded area
than that they were introduced with the alien host
(Mastitsky et al. 2010). However, given the low prevalence
of E. infundibulifera in native corixids, we cannot yet rule
out the possibility that it has been introduced with T. v.
verticalis. Studies of mite parasitism in corixid communi-
ties in parts of Iberia where T. v. verticalis has not yet
arrived would shed light on this question. The means by
which T. v. verticalis arrived on the peninsula are un-
known, as is the date of arrival (Rodriguez-Pérez et al.
2009; Guareschi et al. 2013).

We are unaware of any other case in which an exotic
insect in Europe has been shown to be more infected by
parasites than native hosts. When an introduced species is a
suitable host for a native parasite, this can seriously impact
the exotic hosts, but can also amplify the infection
(“spillback” from exotic to native species) with effects for
native species at both the host individual and population
level (Daszak et al. 2000; Tompkins and Poulin 2006). At
the current stage of 7. v. verticalis invasion our results
provide no evidence of parasite spillback, but it remains a
potential risk given the density and reproductive potential
of the exotic host, high susceptibility for parasites and the
high reproductive potential of parasites, all factors affect-
ing the probability of spillback (Hershberger et al. 2010;
Paterson et al. 2013). We can expect the opposite to the
dilution effect hypothesis, which predicts that the intro-
duction of a less competent host species may reduce in-
fection prevalence in the native host (Telfer et al. 2005).
Moreover, given the likely high dispersal abilities of 7. v.
verticalis (Guareschi et al. 2013), this species may enhance
dispersal of mites and their introduction into new envi-
ronments, as has been suggested for epibiotic mites in-
fecting the invasive crab Eriocheir sinensis Milne-
Edwards, 1853 (Normant et al. 2013).

Differences in parasite susceptibility observed in this
study between native and alien corixids may be related to
several factors. Firstly, hosts that rarely co-occur with
mites in nature may be more susceptible to parasitism when
spatial and temporal barriers are removed (Smith and
Mclver 1984a). This can apply to invasive species which
represent new hosts for native parasitic fauna. Increased
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susceptibility of hosts to new parasites related to a lack of
co-adaptation (“naive host syndrome”, Mastitsky et al.
2010) has been reported for a wide range of parasites
(Alderman et al. 1987; Burreson et al. 2000).

Alternatively, the increased susceptibility of 7. v. ver-
ticalis to parasites may be caused by the differential level
of sclerotization among hosts. Dark colour indicates a
higher degree of sclerotization in water boatmen (Bennett
1993). The light aspect of T. v. verticalis compared with
the darker S. lateralis and S. scripta suggests that the exotic
corixid is less sclerotized, and that mites could perforate
the integument of 7. v. verticalis with less difficulty. The
higher surface area susceptible to attachment (i.e., number
of body regions in which mites were found) in 7. v. ver-
ticalis compared to S. lateralis and S. scripta supports this
hypothesis. Bennett (1993) showed that a smaller suscep-
tible area for attachment in sclerotized Cenocorixa bifida
(Hungerford, 1926) resulted in reduced overall suscepti-
bility to Eylais euryhalina Smith, 1986 compared to the
unsclerotized C. expleta (Uhler, 1895). In laboratory con-
ditions, when equally exposed to water mites, 90 % of C.
expleta and 25 % C. bifida were infected.

Another possibility is that biological and ecological
factors affecting spatial distribution of the hosts would
differentially expose them to water mite infection. Field
observations (C. Coccia, personal observation) suggest that
T. v. verticalis is more concentrated in the shallowest parts
of ponds, where it may be more exposed to mites. Mite
larvae are positively phototactic and swim to the water
surface in search of hosts (Lanciani 1969), and it is also
possible that T. v. verticalis coincides more often with the
larvae within the water column. For example, S. lateralis
feed more on benthic chironomid larvae (Tawfik et al.
1990) while T. v. verticalis may feed more on zooplankton
in the water column (Wurtsbaugh 1992; Simonis 2013).

Behavioural factors may also play a role in our results.
Some corixid species are able to limit infestations by eating
larval mites (Lanciani 1985) or by defensive behaviours
(Smith and Mclver 1984b). Moreover, physiological
aspects related with the ability of some species of corixids
(Sigara) to impede engorgement of Hydrachna and Eylais
species by reacting against the stilistoma of the mite
(sometimes provoking the death of the parasite) (Davids
1973) may also partly explain our results. Experimental
infection with equal exposure and behavioural tests would
be necessary to discern between these hypotheses.

Effect of host sex, host size and attachment site

Like Smith (1977), we found no differences between sexes
in parasite infection. Sexual preferences may be related
with differences between sexes in size, time of emergence,
differential exposure caused by different behaviors or

different dispersal patterns. The low prevalence in C.
affinis (by far the largest host species 7.2-10.5 mm Nieser
et al. 1994) and high prevalence in T. v. verticalis (the
smallest species in our study) suggests the mites show no
preference for larger host species. Although host size has
previously been shown to influence parasite growth for
Hydrachna and Eylais species (Davids and Schoots 1975),
we didn’t find differences in parasite size when infecting
native and invasive species, suggesting that all hosts are
equally suitable for engorgement. Although T. v. verticalis
is significantly smaller that native species this difference is
perhaps too small (<14 % difference in length) to have a
noticeable effect on the mites. Bennett (1993) found fully
engorged mites preferentially on lightly sclerotized corix-
ids and rarely on highly sclerotized species, which suggests
that parasite growth also depends on host sclerotization.
Therefore, the low sclerotisation of T. v. verticalis may
compensate for its smaller size. The size of the parasite
relative to it host influences the degree of the damage it can
induce (for example in fecundity, Davids and Schoots
1975). So for a given parasite size, we can expect more
damage in a smaller host such as 7. v. verticalis. However,
laboratory growth experiments would be necessary to
confirm that mite growth does not vary between host
species.

The precise attachment site is relevant to the under-
standing of the effects of mites in their hosts, and to host-
parasite coevolutionary interactions (Bennett and Scudder
1998). The attachment site for both mite species was highly
species-specific and reflects different life histories. Eylais
larvae are semi-aquatic requiring an air supply to survive,
and are therefore restricted to areas such as under the
wings, tergites, underside of the elytra and hemielytra
(Lanciani 1969; Nielsen and Davids 1975; Davids et al.
1977). In our study they were invariably found attached to
the abdominal tergites under the wings, which is likely to
damage flight musculature (Smith 1988). In contrast, Hy-
drachnidae larvae are strictly aquatic and can use dissolved
oxygen in the water. Therefore they can be found attached
to all surfaces of the host (Harris and Harrison 1974), and
in our study they were observed on the wings, head and
legs. We did not find any preference between the right and
left side of the host. In some species of Sigara the right
hemelytron is more infected because it overlaps the left one
(Davids 1973), although this is not a consistent result
(Mitchell 1968).

Ecological impact of mite infection and consequences
for T. v. verticalis invasion

Mites have the capacity to have a major influence on the

extent of invasion by T. v. verticalis. Smith (1977) previ-
ously showed that the spatial distribution of two sympatric
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water boatmen was determined by the presence of water
mites, which exclude one of them at lower salinity. In
many host-parasite systems, values of prevalence exceed-
ing 10 %, as in our study for T. v. verticalis, are enough to
exert a negative influence on host density (Hall et al. 2011).
Moreover, total prevalence and intensity of mites recorded
in our study were probably underestimates. We often found
brownish spots at the point of attachment of larval mites in
all corixid species, indicating the previous presence of
parasites (Fig. 5). In fact, in Arrenurus Duges, 1833 spe-
cies these marks have been used to accurately estimate the
number of larvae that had been attached to the host (Lan-
ciani 1979).

Mite-induced reduction in survival has been demon-
strated for a variety of host-parasite associations (Lanciani
1982, 1986). Numerous studies have shown that parasitism
by mites adversely affects insects (Smith 1988). Fernando
and Galbraith (1970) reported disappearance of gerrid
populations heavily infected by water mites. Hence mites
have the potential to cause local extinctions of 7. v.
verticalis.

Specific information about the ecological impacts of E.
infundibulifera and H. skorikowi larvae are lacking. How-
ever, the existing literature suggests that negative effects of
infection can be expected at both the host individual and
population levels. Both Eylais spp. and Hydrachna spp.
experience a dramatic increase in size during the larval
phase. The Eylais genus includes the largest species of all
water mites (Lanciani 1971) and some species of Hy-
drachna can increase their volume by 600 times from birth
(Davids 1973). Enlargement of the larvae is correlated with
the time spent on the host, and in these genera the duration
of the larval engorgement period can be very long (several
months, Bennett 1993). Therefore, the time of the parasitic
phase together with the size reached by the larvae in our
study are both expected to negatively impact the hosts.

On the other hand, water mite larvae have been shown to
destroy host tissue (Abro 1982) and adversely affect flight
musculature (Smith 1988), consequently affecting the
host’s flight ability (Gillies and Wilkes 1972). The ability
to fly and disperse is fundamental for the survival of
aquatic insects living in temporary habitats, such as
corixids (Savage 1989; Boda and Csabai 2009). Larval
Hydrachna spp. and Eylais spp. infecting aquatic Hemi-
ptera can also dramatically decrease fecundity by reducing
egg production (Davids and Schoots 1975).

Other reproductive effects caused by mites in corixids
include delayed maturation of the host (Lanciani 1975),
reduction of nymphal growth (Lanciani and May 1982) that
may affect competitiveness and survival (Martin 1975),
and reduction of male mating success (Forbes 1991a, b;
Forbes and Baker 1991). Deutonymphs and adults of H.
skorikowi have also been shown to feed on eggs of water
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boatmen (Stevens and Greven 1999), as have other Hy-
drachna species (Davids 1979). High intensity of infection
can induce mortality (Lanciani 1975), impacting at the
population level. In this study, the values of infection in-
tensity for 7. v. verticalis (up to 7) are among the highest
recorded for corixids. All these effects can potentially be
stronger in the exotic species under the naive host syn-
drome (Mastitsky et al. 2010).

Indirect effects can also be expected. Eylais and Hy-
drachna nymphs feed on Cladocera, where T. v. verticalis
also occur and may compete for these prey (Simonis 2013).
Since water mites can be very abundant (up to 13,000 eggs
per female over a period of 12 months have been reported
for Eylais discreta, Davids 1973), this may result in com-
petition for food between mites and corixids. Further re-
search should focus on the ecological impact of mites on
the T. v. verticalis invasion and its interactions with native
corixids, using naturally infected populations in combina-
tion with experimental laboratory infections.

Conclusion

T. v. verticalis showed consistently higher infection levels
by water mite larvae compared with the native corixid
hosts S. lateralis and S. scripta. We found evidence that the
invasion success of 7. v. verticalis in natural wetlands of
low salinity has been limited owing to a higher suscepti-
bility to parasites compared with native species. Since
water mites strongly reduce reproductive success and in-
crease mortality at high intensities, they are likely to play a
key role in driving the outcome of ecological interactions
between the invasive and the native species. This study
suggests that mites may prevent 7. v. verticalis from
colonizing low salinity wetlands or outcompeting the na-
tive corixids there. As the invader spreads across Europe in
future decades, the mites may play a vital role in conser-
vation on native insect diversity.

Acknowledgments This research was funded by Project P10-RNM-
6262 from the Consejeria de Innovacion, Ciencia y Empresa, Junta de
Andalucia, and by a JAE predoctoral grant from CSIC. MIS is sup-
ported by a Ramén y Cajal research contract from the Spanish
Ministry of Science and Innovation (MICINN). We are grateful to
Raquel Lopez Luque for assistance in the field and to David Aragonés
Borrego for preparing the map of the studied area. We are also
grateful to two anonymous referees for their helpful comments.

References

Abro A (1982) The effects of parasitic water mite larvae (Arrenurus
spp.) on zygopteran imagoes (Odonata). J Invertebr Pathol
39:373-381



J Insect Conserv (2015) 19:433-447

445

Alderman DJ, Polglase JL, Frayling M (1987) Aphanomyces astaci
pathogenicity under laboratory and field conditions. J Fish Dis
10:385-393

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J R Stat
Soc Ser B 57(1):289-300

Bennett AMR (1993) Effects of water mite parasitism on Cenocorixa
spp. (Heteroptera: Corixidae). MSC Dissertation, University of
British Columbia

Bennett AMR, Scudder GGE (1998) Differences in attachment of
water mites on water boatmen: further evidence of differential
parasitism and possible exclusion of a host from part of its
potential range. Can J Zool 76(5):824-834

Blower SM, Roughgarden J (1988) Parasitic castration: host species
preferences, size selectivity and spatial heterogeneity. Oecologia
75(5):12-515

Boda P, Csabai Z (2009) Seasonal and diel dispersal activity
characteristics of Sigara lateralis (Leach, 1817) (Heteroptera:
Corixidae) with special emphasis on possible environmental
factors and breeding state. Aquat Insects 31(4):301-314

Bottger K (1962) Zur Biologie und Ethologie der einheimischen
Wassermilben Arrenurus (Megaluracarus) globator (Miill.) 1776,
Piona nodata nodata (Miill.) 1776 und Eylais infundibulufera
meridionalis (Thon) 1899 (Hydrachnellae, Acari). Zool Jahrb,
Syst 89:501-584

Burreson EM, Stokes NA, Friedman CS (2000) Increased virulence in
an introduced pathogen: Haplosporidium nelsoni (MSX) in the
eastern oyster Crassostrea virginica. J Aquat Anim Health
12:1-8

Bush AO, Lafferty KD, Lotz JM, Shostak AW (1997) Parasitology
meets ecology on its own terms: Margolis et al. revisited.
J Parasitol 83:575-583

Coccia C, Calosi P, Boyero L, Green AJ, Bilton DT (2013) Does
ecophysiology determine invasion success? A comparison
between the invasive boatman Trichocorixa verticalis verti-
calis and the native Sigara lateralis (Hemiptera, Corixidae)
in South-West Spain. PLoS One. doi:10.1371/journal.pone.
0063105

Colautti RIA, Ricciardi A, Grigorovich 1A, Maclsaac H (2004) Is
invasion success explained by the enemy release hypothesis?
Ecol Lett 7:721-733

Daszak P, Cunningham AA, Hyatt AD (2000) Emerging infectious
diseases of wildlife threats to biodiversity and human health.
Science 287(5452):443-449

Davids C (1973) The water mite Hydrachna conjecta Koenike, 1895
(Acari, Hydrachnellae), bionomics and relation to species of
Corixidae (Hemiptera). Neth J Zool 23(4):363—429

Davids C (1979) Jaarcyclus en eierproductie van de waterwants
Sigara striata(Corixidae). In: Vangenechten J, Vanderborght O
(eds) Biology and distribution of waterbugs (Aquatic Hemi-
ptera). Studiecentrum voor kernenergie, Brussel, pp 8—12

Davids C, Schoots CJ (1975) The influence of the water mites species
Hydrachna conjecta and Hydrachna cruenta (Acari, Hydrach-
nellae) on the egg production of the Corixidae Sigara striata and
Cymatia coleoptrata (Hemiptera). Verh Int Ver Limnol
19:3079-3082

Davids C, Nielsen GJ, Gehring P (1977) Site selection and growth of
the larvae of Eylais discreta Koenike, 1897 (Acari, Hydrach-
nellae) on the abdominal tergites of Sigara striata, Sigara
falleni, Cymatia coleoptrata. Bijdr Dierkd 46:180-184

Dobson A, Foufopoulos J (2001) Emerging infectious pathogens of
wildlife. Philos Trans R Soc London, Ser B 356:1001-1012Dunn
AM (2009) Parasites and biological invasions. Adv Parasitol
68:161-184

Dunn AM (2009) Parasites and biological invasions. Adv Parasitol
68:161-184

Fernando CH, Galbraith D (1970) A heavy infestation of gerrids
(Hemiptera-Heteroptera) by water mites (Acarina-Limnochari-
dae). Can J Zool 48:592-594

Firth D (1993) Bias reduction of maximum likelihood estimates.
Biometrika 80:27-38

Forbes MRL (1991a) Ectoparasites and mating success of male
Enallagma ebrium damselflies (Odonata: Coenagrionidae).
Oikos 60:336-342

Forbes MRL (1991b). Parasites and reproductive success of male
hosts: competing hypotheses and tests with Enallagma dam-
selflies and parasitic mites. Ph.D. thesis, Erindale College,
University of Toronto, Toronto, Ont

Forbes MRL, Baker RL (1991) Condition and fecundity of the
damselfly, Enallagma ebrium (Hagen): the importance of
ectoparasites. Oecologia 86:335-341

Frisch D, Moreno-Ostos E, Green AJ (2006) Speciesrichness and
distribution of copepods and cladoceransand their relation to
hydroperiod and other environ-mental variable in Dofiana, south-
west Spain. Hydrobiologia 556:327-340

Frisch D, Cottenie K, Badosa A, Green AJ (2012) Strong spatial influence
on colonization rates in a pioneer zooplankton metacommunity.
PLoS One 7(7):e40205. doi:10.1371/journal.pone.0040205

Gillies MT, Wilkes TJ (1972) The range of attraction of animal baits
and carbon dioxide for mosquitoes. Studies in a freshwater area
of West Africa. Bull Entomol Res 61:389-404

Guareschi S, Coccia C, Sanchez-Fernandez D, Carbonell JA, Velasco
J, Boyero L, Green AJ, Millan A (2013) How far could the alien
boatman Trichocorixa verticalis verticalis spread? Worldwide
estimation of its current and future potential distribution. PLoS
One 8:e59757

Hall SR, Becker CR, Duffy MA, Caceres CE (2011) Epidemic size
determines population-level effects of fungal parasites on
Daphnia hosts. Oecologia 166:833-842

Harris DA, Harrison AD (1974) Life cycles and larval behaviour of
two species of Hydrachna (Acari: Hydrachnidae) parasitic upon
Corixidae (Hemiptera: Heteroptera). Can J Zool 52(1):155-165

Hershberger P, van der Leeuw B, Gregg J et al (2010) Amplification
and transport of an endemic fish disease by an introduced
species. Biol Invasions 12:3665-3675

Jansson A (1986) The Corixidae (Heteroptera) of Europe and adjacent
region. Entomological society of Finland, Finland

Keane RM, Crawley MJ (2002) Exotic plant invasions and the enemy
release hypothesis. Trends Ecol Evol 17:164—170

Kelly DW, Paterson RA, Townsend CR, Poulin R, Tompkins DM
(2009a) Parasite spillback: a neglected concept in invasion
ecology? Ecology 90(8):2047-2056

Kelly DW, Paterson RA, Townsend CR, Poulin R, Tompkins DM
(2009b) Has the introduction of brown trout altered disease patterns
in native New Zealand fish? Freshw Biol 54(9):1805-1818

Kloskowski J, Green AJ, Polak M, Bustamante J, Krogulec J (2009)
Complementary use of natural and artificial wetlands by
waterbirds wintering in Dofiana, SouthWest Spain. Aquat
Conserv Mar Freshw Ecosyst 19:815-826

L’Mohdi O, Bennas N, Himmi O, Hajji K, El Haissoufi M, Hernando
C, Carbonell JA, Millain A (2010) Trichocorixa verticalis
verticalis (Fieber, 19851) (Hemiptera, Corixidae): une nouvelle
espécies exotique au Maroc. Bol SEA 46:395-400

Lanciani CA (1969) Three species of Eylais (Acari: Eylaidae) parasitic
on aquatic Hemiptera. Trans Am Microsc Soc 88(3):356-365

Lanciani CA (1971) Host related size of parasitic water mites of the
genus Eylais. Am Midl Nat 85:242-247

Lanciani CA (1975) Parasite-induced alterations in host reproduction
and survival. Ecology 56:689-695

Lanciani CA (1979) Detachment of parasitic water mites from the
mosquito Anopheles crucians (Diptera: Culicidae). J Med En-
tomol 15(2):99-102

@ Springer


http://dx.doi.org/10.1371/journal.pone.0063105
http://dx.doi.org/10.1371/journal.pone.0063105
http://dx.doi.org/10.1371/journal.pone.0040205

446

J Insect Conserv (2015) 19:433-447

Lanciani CA (1982) Parasite-mediated reductions in survival and
reproduction of the backswimmer Buenoa scimitar (Hemiptera:
Notonectidae). Parasitology 85:593-603

Lanciani CA (1985) Parasitism of nymphal Mesovelia mulsanti
(Hemiptera: Mesoveliidae) by the water mite Hydryphantes
tenuabilis  (Acariformes: Hydryphantidae). Fla Entomol
68:352-354

Lanciani CA (1986) Reduced survivorship in Dasyhelia mutabilis
(Diptera: Ceratopogonidae) parasitized by the water mite Tyrrellia
circularis (Acariformes: Limnesiidae). J Parasitol 72:613-614

Lanciani CA, May PG (1982) Parasite mediated reductions in the
growth of nymphal backswimmers. Parasitology 85:1-7

Leppikoski E, Gollasch S, Olenin S (eds) (2002) Invasive aquatic
species of Europe: distribution, impacts and management.
Kluwer/Kluwer Academic, Dordrecht

Li J, Jin Z, Song W (2012) Do native parasitic plants cause more
damage to exotic invasive hosts than native non-invasive hosts?
An implication for biocontrol. PLoS One 7(4):e34577. doi:10.
1371/journal.pone.0034577

Lorenzo-Carballa MO, Beatty CD, Haitlinger R, Valdecasas AG,
Utzeri C, Vieira V, Cordero-Rivera A (2011) Larval aquatic and
terrestrial mites infesting parthenogenetic Ischnura hastata
(Odonata:Coenagrionidae) from the Azores islands. Exp Appl
Acarol 54:225-241

Martin NA (1975) Observations on the relationship between Eylais
and Hydrachna (Acari: Hydracarina) and Sigara spp. (Insecta:
Hemiptera: Corixidae). N Z J Zool 2:45-50

Mastitsky SE, Karatayev AY, Burlakova LE, Molloy DP (2010)
Parasites of exotic species in invaded areas: does lower diversity
mean lower epizootic impact? Divers Distrib 16:798-803

Mitchell RD (1968) Site selection by larval water mites parasitic on
the damselfly Cercion hieroglyphicum Brauer. Ecology 49:
40-47

Nielsen G, Davids C (1975) Contributions to the knowledge of the
morphology and biology of the larvae of four European Eylais
species (Acari, Hydrachnellae). Acarologia 17:519-528

Nieser N, Baena M, Martinez-Avilés J, Millan A (1994) Claves para
la identificacion de los heterdpteros acuaticos (Nepomorpha y
Gerromorpha) de la Peninsula Ibérica—Con notas sobre las
especies de las Islas Azores. Canarias y Madeira, Baleares

Normant M, Zawal A, Chatterjee T, Wojcik D (2013) Epibiotic mites
associated with the invasive Chinese mitten crab Eriocheir
sinensis—new records of Halacaridae from Poland. Oceanologia
55(4):901-915

Paterson RA, Rauque CA, Fernandez MV, Townsend CR, Poulin R,
Tompkins DM (2013) Native fish avoid parasite spillback from
multiple exotic hosts: consequences of host density and parasite
competency. Biol Invasions 15:2205-2218

Peyrusse V, Bertrand M, Glida H (2004) Chironomids and pionid
mites interactions under Mediterranean climatic conditions in
southern France. Phytophaga 14:323-328

Power AG, Mitchell CE (2004) Pathogen spillover in disease
epidemics. Am Nat 164:S79-S89

Prenter J, MacNeil C, Dick JTA, Dunn AM (2004) Roles of parasites
in animal invasions. Trends Ecol Evol 19(7):385-390

R Development Core Team (2008) R: A language and environment
for statistica computing. R Foundation for Statistical Computing,
Vienna, Austria. http://www.R-project.org

Rabitsch W (2008) Alien true bugs of Europe (Insecta: Hemiptera:
Heteroptera). Zootaxa 1827:1-44

Rabitsch W (2010) True bugs (Hemiptera, Heteroptera). In: Roques A
et al (eds) Alien terrestrial arthropods of Europe. BioRisk
4(1):407-403

Reilly P, McCarthy TK (1991) Watermite parasitism of Corixidae:
infection parameters, larval mite growth, competitive interaction
and host response. Oikos 60:137-148

@ Springer

Rodriguez-Pérez H, Green AJ (2012) Strong seasonal effects of
waterbirds on benthic communities in shallow lakes. Freshw Sci
31(4):1273-1288

Rodriguez-Pérez H, Florencio M, Gomez-Rodriguez C, Green AlJ,
Diaz-Paniagua C, Serrano L (2009) Monitoring the invasion of
the aquatic bug Trichocorixa verticalis verticalis (Fieber, 1851)
in Dofiana (SW Spain). Hydrobiologia 634:209-217

Sailer RI (1948) The genus Trichocorixa (Corixidae, Hemiptera). In:
Hungerford HB (ed) The Corixidae of the Western Hemisphere
(Hemiptera). Univ Kansas Sci Bull 32:289-407

Savage AA (1989) Adults of the British aquatic Hemiptera
Heteroptera: a key with ecological notes. Scientific Publication,
No. 50. Freshwater Biological Association, Cumbria

Sebastian-Gonzalez E, Green AJ (2014) Habitat use by waterbirds in
relation to pond size, water depth and isolation: lessons from a
restoration in Southern Spain. Restor Ecol 22(3):311-318

Simonis JL (2013) Predator ontogeny determines trophic cascade
strength in freshwater rock pools. Ecosphere 4(5):62

Smith BP (1977) Water mite parasitism of water boatmen (Hemi-
ptera: Corixidae). MSc Dissertation, University of British
Columbia, Vancouver, Canada

Smith BP (1988) Host-parasite interaction and impact of larval water
mites on insects. Ann Rev Entomol 33:487-507

Smith BP, Mclver S (1984a) Factors influencing host selection and
successful parasitism of Aedes spp. mosquitoes by Arrenurus
spp. mites. Can J Zool 62:1114-1120

Smith BP, Mclver S (1984b) The patterns of mosquito emergence
(Diptera: Culicidae; Aedes spp.): their influence on host selection
by parasitic mites (Acari: Arrenuridae; Arrenurus spp. Can J
Zool 62:1106-1113

Smith IM, Cook DR, Smith BP (2010) Water mites (Hydrachni-
diae) and other arachnids. In: Thorpe J, Covich A (eds)
Ecology and classification of North American freshwater
invertebrates, 3rd edn. Academic Press (Elsevier Inc.), New
York, pp 485-586

Snedecor GW, Cochran WG (1989) Statistical methods, 8th edn. Iowa
State University Press, Ames, 1A

Stevens M, Greven H (1999) Food and feeding behaviour of
deutonymphs and adults of the water mite Hydrachna skorikowi
(Acari: Hydrachnellae), with notes on the structure of their
mouthparts. Ecology and Evolution of the Acari. Series Ento-
mologica 55:381-387

Tawfik MFS, El-Borollosy FM, Hemeida IA, Agamy E (1990) The
biology of the water-boatman Sigara lateralis (Leach) (Hemi-
ptera, Corixidae). Bulletin de la Société Entomologique
d’Egypte 69:217-227

Telfer S, Bown KJ, Sekules R, Begon M, Hayden T, Birtle R (2005)
Disruption of a host-parasite system following the introduction
of an exotic host species. Parasitology 130:661-666

Tompkins DM, Poulin R (2006) Parasites and biological invasions.
In: Allen RB, Lee WG (eds) Biological invasions in New
Zealand. Springer, Berlin, pp 67-86

Torchin ME, Lafferty KD, Kuris AM (2002) Parasites and marine
invasions. Parasitology 124:S137-S151

Torchin ME, Lafferty KD, Dobson AP, McKenzie VJ, Kuris AM
(2003) Introduced species and their missing parasites. Nature
421:628-630

Van de Meutter F, Trekels H, Green AJ (2010a) The impact of the
North American waterbug Trichocorixa verticalis (Fieber) on
aquatic macroinvertebrate communities in southern Europe.
Fundam Appl Limnol 177:283-292

Van De Meutter F, Trekels H, Green AJ, Stoks R (2010b) Is salinity
tolerance the key to success for the invasive water bug
Trichocorixa verticalis? Hydrobiologia 649:231-238

Waterkeyn A, Grillas P, Vanschoenwinkel B, Brendonck L (2008)
Invertebrate community patterns in Mediterranean temporary


http://dx.doi.org/10.1371/journal.pone.0034577
http://dx.doi.org/10.1371/journal.pone.0034577
http://www.R-project.org

J Insect Conserv (2015) 19:433-447

447

wetlands along hydroperiod and salinity gradients. Freshw Biol
53:1808-1822

Williams DF, Oi DH, Porter SD, Pereira RM, Briano JA (2003)
Biological control of imported fire ants (Hymenoptera: Formi-
cidae). Am Entomol 49(3):150-163

Wurtsbaugh WA (1992) Food-web modification by an invertebrate

predator in
89:168-175

the

Great

Salt

Lake

(USA).

Oecologia

@ Springer



	Parasitism by water mites in native and exotic Corixidae: Are mites limiting the invasion of the water boatman Trichocorixa verticalis (Fieber, 1851)?
	Abstract
	Introduction
	Materials and methods
	Study area
	Specific sampling
	General sampling in Caracoles and Veta la Palma ponds
	Larval identification
	Statistical analysis

	Results
	Description of the larvae
	Infection indexes from the specific sampling in a temporary pond
	Infection index from the general sampling in temporary ponds and permanent Veta la Palma fish ponds
	Determinants of water mite prevalence
	Relationship between host size and mite size
	Differences in attachment sites between mite and host species

	Discussion
	Differential infection between native and invasive corixids
	Effect of host sex, host size and attachment site
	Ecological impact of mite infection and consequences for T. v. verticalis invasion

	Conclusion
	Acknowledgments
	References




