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Abstract

Background: Documentation on water mites in Spain is scarce, as is information on the parasite-host relationship
between certain water mite species and representatives of the dipteran family Simuliidae. The discomfort caused to
humans and animals by black flies seems to be increasing in recent years. In this context, an investigation of parasitic
water mites is of great importance, not only from the point of view of biodiversity, but also in terms of their potential
to control black fly populations.

Methods: Rivers across a wide region of eastern Spain were sampled to determine the specific richness of simuliid
dipterans and to investigate their possible parasites, such as water mites, mermithid nematodes and microsporidia
(fungal microbes). Data on environmental variables, abundance, prevalence and intensity of parasitism on the col-

lected specimens were analyzed.

Results: In 10 streams, 15,396 simuliid pupae were collected and checked for the presence of water mite larvae;

426 pupae in seven streams were found to be associated with water mite larvae. Of the 21 simuliid species identified
based on morphological characters, eight were found to be associated with water mite larvae. Water mite infection
was not equally distributed among black fly species. Also, the prevalence of parasitism was low and differed among
simuliid species, ranging from one to 13 water mites per black fly pupa. Variation at the intra- and interspecific levels
was detected in terms of the number of water mites inside the black fly cocoons. Free-living deutonymphal and

adult water mites representing 15 different species of six genera and five families were morphologically identified.
The taxonomic identity of the parasitic mite larvae is unclear at present. Morphologically, they fit descriptions of larval
Sperchon (Hispidosperchon) algeriensis Lundblad, 1942, but the possibility cannot be excluded that they represent Sper-
chon algeriensis, the most abundant species at the adult stage in this study and unknown at the larval stage, or even
another species of the genus. A molecular analysis produced for the first time cytochrome oxidase | gene sequences
for S. algeriensis.

Conclusions: Our results contribute to current knowledge on Spanish Hydrachnidia and their relationships with sim-
uliids as hosts. However, further research is needed to evaluate the diversity, distribution, bioecology and prevalence
of this parasitism.
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Background

Mites are a taxonomic group that has achieved great suc-
cess at adapting to almost any kind of habitat. High num-
bers of species are reported both from terrestrial and
aquatic environments, from freshwater to seawater. Mites
are able to distribute in many different ways, with some
species even having developed structures that allow them
to glide through the air [1]. Adaptation has also resulted
in a wide radiation of feeding types, ranging from the
ancestral predatory mode to phytophagy, saprophagy,
mycophagy, necrophagy or parasitism [1, 2].

Parasitic water mites may play an important role in the
natural control of insect populations [1, 3]. In this con-
text, these arthropods may function as biological control-
lers of harmful organisms [1], as is the case of black flies,
and could be considered as a potential tool in the con-
trol of various insect populations [4, 5]. Currently, there
is an increasing interest in this type of biological control
[6, 7]. However, it is important to take into account that
the immense majority of water mites are found only in
streams with year-round flow; consequently, simuliids
are safe from water mites in intermittent streams, where
many species are adapted to a seasonal water shortage.
The eggs of some species can remain viable in a state of
diapause for up to 2 years after oviposition in the dry
beds of temporary water courses, which are typical of
markedly seasonal climates in semi-arid zones. A precon-
dition for the long-term survival of these eggs is shelter
in the deepest and most humid strata of the interstices of
the sediment [8, 9].

The life-cycle of water mites consists of seven stages:
egg, prelarva, larva, protonymph, deutonymph, tri-
tonymph and adult. Of these, only the larval, deu-
tonymph and adult stages are active [10—12]; that is, they
swim and crawl to locate appropriate hosts or prey—lar-
vae as parasites, deutonymphs and adults as predators.
Among the preferred hosts of larval water mites are the
imaginal stages of the diptera [12—15], of which a special
case are the black fly larvae parasitized by some species
of the water mite genus Sperchon (most published data
refer to Sperchon (Hispidosperchon) setiger Thor, 1898).
While the larvae of most Sperchon species are known
to use exclusively, or additionally, chironomids as their
hosts [16-18], most records refer to S. setiger larvae
parasitizing adult black flies [13]. The typical life-cycle
of water mites has larvae present inside the cocoon har-
boring the black fly pupa during metamorphosis [19, 20].
These larvae wait until emergence of the black fly imago

and then anchor to it, emerging into the open air with
their host. After the adult black fly emerges into the air,
the mite larvae feed by sucking the host’s body liquids.
As parasites, water mites have an additional benefit in
attaching to hosts since this attachment is also a means to
increase dispersion [13]. When adult black flies approach
the water, for example, to lay eggs, mite larvae return to
the water [12, 21, 22] and continue progressing through
their own life-cycle over several molts to the adult stage.

As many Sperchon larvae have been found to be
remarkably engorged during their stay in the cocoon,
Renz et al. [20] suggest that they are also able to feed
before the host emerges. In this case, Sperchon larvae
parasitizing simuliid pupae are a rare exception in the
typical mode of water mite parasitism that predominantly
targets insect adults. It is currently unclear how this food
uptake takes place (lesions in the hosts integument are
found only in exceptional cases). Should Sperchon larvae
be able to complete their life-cycle without parasitism on
adult hosts, then they would leave the black fly cocoon
for further development—in no case would protonym-
phal Sperchon then be found inside cocoon. In the same
study, Renz et al. [20] also tried to attract Sperchon larvae
to simuliid larvae, but the latter were ignored completely
by mites. Deutonymphal and adult water mites of most
species feed by sucking the body fluids of small inverte-
brates or their eggs following their injection of digestive
enzymes [23-25]. A special prey preference for black fly
larvae was reported by Ullrich [26] and Martin [25] for
water mites of the species S. setiger.

There are still many gaps in our knowledge of the rela-
tionship between water mites and black flies. A main
limitation is that most research on black fly parasitism by
water mite larvae has been attributed to one species of
water mite only, namely Sperchon setiger. However, the
larval morphology and hosts of many other species of the
genus remain as yet unknown, and it cannot be excluded
that a wider range of sperchontids have developed a host
preference for simuliids. In this context, recent molecu-
lar studies (Stur and Gerecke, unpublished) suggest that
other related Sperchon species coexisting with S. setiger
might be simuliid parasites as well, and that even S. seti-
ger in the classic sense might represent a mix of two or
more cryptic species.

In the present study, simuliid-parasitic water mite
larvae were found in habitats from which S. setiger was
collected in low numbers, in association with strong
populations of Sperchon (Hispidosperchon) algeriensis
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Lundblad, 1942, a related species as vyet relatively
unknown regarding its larval morphology and host
preference. Unfortunately, our attempt to use molecu-
lar methods to determine if the simuliid-parasitic mite
larvae might belong to the latter species was unsuccess-
ful. However, with the support of Vladimir Pe$i¢ (Pod-
gorica), in the present study we were able to obtain for
the first time S. algeriensis cytochrome oxidase I gene
(COI) sequence data. The results of the present study
may contribute towards elucidating this complex ques-
tion in the near future. At the present time, we can
state that the identification of the mite larvae treated in
our study seems to agree with that by Ullrich [27] for S.
setiger larvae; however, given the general uncertainty
of the taxonomic situation, we use “Sperchon sp”” in the
study. Nearly all Sperchon species known worldwide are
reported from running waters, the habitat to which sim-
uliid larvae are perfectly adapted.

In the study reported here, we specifically address the
following questions: (i) How prevalent is water mite para-
sitism on pupae of black flies in the field? (ii) Do water
mites display any preference for parasitizing certain black
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fly species? (iii) Does the prevalence (i.e. fraction of para-
sitized hosts) and intensity (i.e. the mite load in hosts) of
water mite parasitism vary geographically or in associa-
tion to local ecological conditions of streams and rivers?
Finally (iv), in order to better know the potential sources
of black fly parasites: what is the composition of water
mite assemblages in the field?

Methods

Study area and sampling design

In order to address the issues outlined above, a study
area was chosen in eastern Spain, comprising mainly
the three provinces that form the Autonomous Region
of Valencia, but also the adjacent provinces of Albac-
ete and Cuenca (Castilla-La Mancha) and Teruel
(Aragén) (see Fig. 1). It should be noted that the preva-
lence and intensity of water mite parasitism on black
flies will reflect the conditions in the study area, but
we expect that, with due caution, the patterns that
will emerge could be extended to other geographic
areas and inspire future work to support our find-
ings. The study area has already been the subject of an

™

Watermite presence
None found
Pupae and watermite
Watermite free

Both pupae and free

Fig. 1 Sampling points where water mites were collected
.
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intensive investigation on the abundance and ecologi-
cal preferences of black fly species, especially those of
most concern at the biomedical and veterinary levels
[28]. Based on data from this earlier study, we inves-
tigated 14 rivers and their tributaries in the present
study. During the study period, two of these 14 rivers
were completely dry (Girona and Jaldén rivers) and the
Segura and Vinalop6 rivers were negative for the pres-
ence of both simuliids and water mites. Sampling sites
ranged in latitude from the Senia river in the north (N
40°40’17.6"; E 0°14/20.1”) to the Algar river in the south
(N 38°3935,5"; W 0°5’52,5"), and in elevation from 88
to 664 m a.s.l. Samplings took place between 27 June
2013 and 7 August 2015.

At each sampling site, the following physico-chemical
variables of the water were measured in situ: tempera-
ture (°C), pH, dissolved oxygen concentration (mg//l) and
its percentage of saturation (%), conductivity (uS/cm),
turbidity (nephelometric turbidity units [NTU]), salin-
ity (g/l), total dissolved solutes (TDS; mg/l) and redox
potential (mV). Other local environmental variables,
such as elevation, air temperature, mean particle size of
streambed or the riparian vegetation, were also recorded
since such factors have been shown to be useful in pre-
dicting aquatic insect distribution in streams [29, 30]. All
of these collected data were used to construct an envi-
ronmental variables’ dataset (Table 1), to be used in sub-
sequent data analyses.

Pupae of black flies and water mite larvae found in the
pupal cocoons were sampled following a protocol based
on the recommendations of previous researchers [31,
32]. At each sampling point, we chose a river section of
5-10 m in length where black fly pupae were collected
from the substrate (i.e. cobbles, pebbles, tree branches,
tree leaves, helophytes or submerged macrophytes) dur-
ing a 15-min period while walking from one bank to the
other. The sampling time invested in each single sub-
strate type was proportional to its relative abundance
in the river section. No net was used to specifically col-
lect water mites, but the same sort of methodology was
implemented to collect both the host and the parasite.
The samples were brought to the laboratory where each
sample (1 sample being the set of all specimens collected
at a sampling point) was processed by first detaching the
black fly pupae from the different substrates to which
they were fixed. During the identification of pupae (for
details, see Lopez-Pena et al. [33]), water mite larvae
were preserved in 80% ethanol, together with the black
fly pupae that they were parasitizing, for later identifica-
tion. Free-living adults and deutonymphs of water mites
were also collected from all types of substrates in order
to characterize the natural assemblages from which para-
sites could arise.
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Identification of water mite and black fly species
Water mite species identification was based on mor-
phological descriptions in several taxonomic keys and
the bibliography cited therein (for adults, see references
[11, 34, 35]; for larvae, see references [26, 36—38]). Once
identified, the specimens were stored in pure etha-
nol (collection Gerecke, Tiibingen). In total, 922 mites
were examined, among which were 80 free-living adults
and deutonymphs; the remaining samples were larvae
parasitizing the pupae of the black fly species collected.
Selected water mite larvae (n=>5) and deutonymphs or
adults (Atractides (Atractides) nodipalpis Thor, 1899
[n=1]; Aturus gallicus Viets, 1939 [n=2]; Hygrobates
(Hygrobates) fluviatilis gr. (Strom, 1768) [ n=1] Lebertia
(Pilolebertia) porosa gr. Thor, 1900 [n=1]; Sperchon alge-
riensis [n=4]; S. (Hispidosperchon) compactilis Koenike,
1911 [n=4]; S. setiger [n=2], Torrenticola (Torrenticola)
barsica (Szalay, 1933) [n=1]) from the samples were sent
for CO1 barcoding to the laboratory of Vladimir Pesi¢
(University of Montenegro, Podgorica). Probably due to
the sample age, only one of these specimens could be
successfully sequenced, a male of S. algeriensis.
Identification of the black fly pupae at the species level
was carried out using morphological taxonomic keys
[39-41]. The samples are deposited in labeled vials in the
Coleccién de Entomologia de la Universitat de Valéncia
(Estudi General). In total, 15,396 pupae were examined,
of which 426 were parasitized by water mites.

Data analysis

The prevalence of water mite parasitism on pupae of
black fly species was investigated by describing, for each
sample site and species, the fraction of the host popula-
tion infected with parasites per sample site. The propor-
tion of pupae of each black fly species infested with water
mites was compared using generalized linear models
(GLMs) with binomial responses that took into account
the different rivers studied as grouping factor to search
for eventual geographic patterns. The intensity of parasit-
ism (i.e. mite load per host) was analyzed for parasitized
black fly species using GLMs with Poisson distribution
of errors and again considering the different rivers as a
grouping variable. Because the GLMs were run in a spe-
cies-by-species fashion, significance was corrected for
multiple comparisons by applying Bonferroni’s method
[42]. The correlation between prevalence and intensity of
water mite parasitism was also explored, as well as their
respective correlations with black fly abundance at each
sampling point. The prevalence and intensity of water
mite parasitism in each black fly species parasitized were
also studied in relation to physico-chemical parameters
describing local ecological conditions. Prior to analyses,
the correlation among physico-chemical variables was
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explored to remove highly correlated variables (R*>0.8).
The remaining variables were used as predictors in multi-
ple logistic regression analyses for each parasitized black
fly species, using binomial or Poisson responses for para-
sitism prevalence and intensity, respectively.

Finally, we assessed the similarity between species
assemblages of free-living water mites according to the
environmental variables of the sites where they were
found. For this purpose, we followed a canonical ordi-
nation analysis approach [43]. As a first step, we used
detrended canonical correspondence analysis (DCCA)
to determine water mite species gradient lengths with
respect to the same environmental variables as used in
the principal component analysis (PCA) and, therefore,
to assess whether unimodal (for further canonical cor-
respondence analysis [CCA]) or linear-based (for fur-
ther redundancy analysis [RDA]) models underlie the
response of water mite species to environmental varia-
bles [44]. DCCA was performed on log-transformed data
of water mite abundances at the adult and deutonymph
stage per site and revealed a dominance of linear gradi-
ents (all maximal lengths<3 standard deviations [SD]
[45]), which enabled further analyses on taxonomic turn-
over in free-living water mites across ecological gradients
to be based on RDA. Thus, RDA with forward selection
was run to detect the main environmental variables that
best explained the variability in water mite abundance.
The significance of the variables introduced at each step
was inferred from Monte Carlo permutation tests (999
permutations; P-value<0.05), and model performance
was assessed through the adjusted-R* value.

All statistical analyses were carried out using the free
software R version 3.3.3 from The R Foundation for
Statistical Computing ([46] https://cran.r-project.org].
GLMs (including multiple logistic regression) and corre-
lation analyses on the prevalence and intensity of water
mite parasitism on black fly pupae were performed using
the glm and cor functions, respectively, both available
from the “stats” package [46]. DCCA and RDA on the
assemblages of free-living water mites were performed
using the decorana, rda and ordistep functions from
package “vegan” [47].

DNA extraction, amplification and sequencing

The barcode region of the COI of one male of S. alge-
riensis was sequenced using standard invertebrate DNA
extraction [48], amplification [49] and sequencing pro-
tocols [50]. The COI data are deposited in the reference
library of DNA barcodes of BOLD (The Barcode of Life
Data System; https://www.boldsystems.org/), which pro-
vides a basis for building DNA barcode libraries at the
regional and/or national level that contributes to the
expansion of information on taxonomic, geographical
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and molecular species diversity, as well as on their dis-
tribution patterns. The voucher specimen is deposited in
the collection Gerecke, Tiibingen.

Results

In total, 137 samples were collected from 94 sites dis-
tributed along 10 watercourses. Of these 137 samples,
simuliids were found in 116 samples from 81 sites, and
water mites were found in 37 samples from 25 sites.
Likewise, water mite larvae were identified in pupal
case pupae of Simuliidae in 18 samples from 12 sites of
five rivers (Cenia, Mijares, Serpis and Algar rivers and
Cabriel a tributary of Jucar river), free-living water mites
were found in 15 samples from eight sites of four rivers
(Mijares, Cabriel and Magro rivers and the tributaries
of Jucar and Serpis rivers) and both water mites para-
sitizing pupae of Simuliidae and free-living water mites
were found in four samples from four sites of three rivers
(Cenia and Mijares rivers, and the Cabriel and Magro riv-
ers, tributaries of Jucar river).

Black fly—water mite relationship

Of a total of 15,396 black fly pupae isolated from the sam-
ples, 426 were parasitized (2.8% of total black fly pupae
isolated). Water mite infection was not equally distrib-
uted among black fly species (Table 2): only eight of the
21 black fly species identified were parasitized by water
mites, including Simulium (Nevermannia) angustitarse
(Lundstréom, 1911), S. (Wilhelmia) equinum (Linnaeus,
1758), S. (Simulium) intermedium Roubaud, 1906, S.
(Wilhelmia) lineatum (Meigen, 1804), S. (Simulium)
ornatum Meigen, 1818, S. (Wilhelmia) pseudequinum
Séguy, 1921, S. (Wilhelmia) sergenti and S. (Simulium)
trifasciatum Curtis, 1839. Water mites were found
mainly in the space between the pupa and the pupal case,
although some were also recorded on the pupal cases
(Fig. 2). A relatively low percentage (<30%) of these lar-
vae was freshly hatched and unengorged, often co-exist-
ing in the same pupal cocoon with slightly to distinctly
engorged specimens. In no case was attachment of lar-
vae to the pupal skin observed. All mite larvae extracted
from simuliid cocoons were found to be morphologically
homogeneous, in agreement with the description given
for S. setiger by Ullrich [26] and Martin [51] (lacking seta
C3 on coxal plate II; small dimension of the dorsal plate;
Fig. 3). However, in view of the above-described unclear
taxonomic situation, water mite larvae will be addressed
here generally as “Sperchon sp” as further research is
needed in order to clarify if these larvae do in fact rep-
resent S. setiger (a species in this study found in a few
specimens only), or another Sperchon species (eventu-
ally S. algeriensis, the dominant Sperchon in this study
and still unknown at the larval stage). Since the very most
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Table 2 Prevalence data on black fly species parasitization by water mites in eastern Spain

Black fly species Number of parasitized pupae  Total number of pupae Number of samples with parasitized  Total
pupae number of

samples

Metacnephia blanci 0 150 0 4

Simulium angustipes 0 19 0 10

S.argygreatum 0 1 0 1

S. bertrandi 0 2 0 3

S. bezzii 0 2 0 2

S. carthusiense 0 1 0 1

S. cryophilum 0 35 0 8

S. erytrocephalum 0 27 0 4

S. petricolum 0 284 0 22

S.quadrifilia 0 6 0 4

S. reptans 0 397 0 17

S. velutinum 0 65 0 13

S.xanthinum 0 8 0 7

S.angustitarse 1 1163 1 55

S. sergenti 1 1284 1 43

S. lineatum 7 997 4 14

S.ornatum 15 796 4 70

S.intermedium 35 3451 5 74

S. pseudequinum 292 5800 13 55

S.equinum 29 315 2 16

S. trifasciatum 46 582 6 33

larval specimens were supposed to be in a pre-parasitic
stage awaiting hatching of the adult black fly hosts, in the
following text the mite larvae are termed as parasites—
regardless of whether they may have engorged while
attached to black fly pupae.

Prevalence of parasitism differed among black fly
species (Binomial GLM: deviance=411.03, df=20,
P-value <0.001) and was generally low (Fig. 4), with the
highest values (& SD) being around 3% in S. trifasciatum
(3.5£1.6%), S. equinum (3.31+2.5%) and S. pseudequi-
num (3.1+£1.2%). Even for these three Simulium species,
the infection rate was unevenly distributed, and in many
samples no parasites were found at all. The prevalence of
water mite parasitism differed significantly among river
basins in all the eight species parasitized (P-value <0.001
for the “basin” factor in all cases after binomial GLM
analyses). Table 3 shows the prevalence data according
to river basins, with the Cenia and Mijares rivers being
the most affected by: (i) the total number of pupae of
black fly species parasitized; (ii) the incidence of sam-
pling sites where parasites were detected; and (iii) the
number of black fly species parasitized. Regarding the
geographical distribution of parasitism by Simulium spe-
cies, S. intermedium was found parasitized in three riv-
ers (Cenia, Mijares and Algar rivers), while S. equinum,

S. lineatum and S. sergenti were each found in only one
river (Mijares, Jucar and Serpis rivers, respectively). The
other four affected Simulium species were found in only
two rivers each: S. angustitarse was found parasitized in
the Cenia and Serpis rivers, S. ornatum and S. trifascia-
tum in the Cenia and Mijares rivers and S. pseudequinum
in the Mijares and Jacar rivers.

In terms of parasitism intensity, the load of water mites
per pupae ranged from 1 to 13. However, this range was
not homogeneous, and there was both intra- and inter-
specific variation in the number of water mite parasites
present in black fly cocoons (Fig. 5). Significant differ-
ences were observed among species (Poisson GLM:
deviance=32.95, df=7, P-value=0.001). Simulium
pseudequinum was the most affected of the eight black
fly species. No significant correlation was found between
the prevalence and intensity of parasitism for any of the
infected black fly species, nor was there any relationship
between these two variables and the abundance of black
fly pupae at the sampling points.

Multiple logistic regression analysis revealed subsets
of environmental variables explaining the prevalence of
water mite parasitism for the different black fly species
found (Table 4). The analyses were reduced to testing
the effects of elevation, pH, conductivity, turbidity and
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Fig. 2 Species of black fly in pupa stage parasitized by water mites of the genus Sperchon. a Simulium ornatum, b S. sergenti, ¢ S. intermedium, d S.
equinum, e S. angustitarse, f S. trifasciatum, g S. pseudequinum. Photographs taken by D. Lopez-Pefia

oxygen concentration, since other variables measured
in the field were highly correlated (R*>0.8) with other
variables of this subset. The prevalence of water mite
parasitism was significantly affected by any of these
environmental variables only in four of the parasitized
black fly species. Absence of significant relationships
occurred in S. angustitarse and S. sergenti (both with
very low values of parasite prevalence) and in S. equi-
num, for which the environmental dataset was limited
(some variables could not be measured in the field due
to logistic reasons and the number of sampling points
where the species was present was scarce). Parasitism
prevalence in S. lineatum, S. ornatum, S. intermedium
and S. trifasciatum was significantly affected by pH.
Notably, the coefficient estimates of the variable pH
were negative in all cases, indicating that, in general, an
increase in pH will be associated with a decreased prob-
ability of black fly species being parasitized by Sperchon
sp. water mites. Further, for S. lineatum, S. pseudequi-
num and S. trifasciatum, pH was again the most signifi-
cant environmental variable explaining water mite load
per individual (Table 5). The sign of other environmen-
tal variables with significant effects on prevalence or

intensity of parasitism was variable depending on each
species, and no general pattern could be derived.

Free-living water mite assemblage study

Free-living deutonymphs and adults of water mites were
recovered from only 15 of the 94 sampling sites (Table 6)
and included a total of 78 specimens of true water mites,
representing 15 different species of six genera and five
families; two unidentified specimens of Oribatida were
also collected (Table 7). The order Trombidiformes
was represented by five families (indet. specimens are
counted as separate species when obviously not belong-
ing to one of the listed taxa): Hygrobatidae with four
species (Atractides nodipalpis Thor, 1899, Hygrobates
calliger Piersig, 1896, H. fluviatilis (Strom, 1768), and
H. sp.); Aturidae with two species (Aturus gallicus Viets,
1939 and A. sp.); Lebertiidae with two species (Leber-
tia porosa Thor, 1900 and L. sp.); Sperchontidae with
four species (all of the subgenus Hispidosperchon: Sper-
chon algeriensis Lundblad, 1942, S. compactilis Koenike,
1911), S. denticulatus gr. and S. setiger Thor, 1898) and
Torrenticolidae with two species (Torrenticola barsica
(Szalay, 1933) and Torrenticola sp.). In this study, the
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Fig. 3 a, b Adults of Sperchon setiger, specimens from Germany: a fronto-lateral, b dorsal (note the setal pair on palp segment 3, typically present
in S. setiger as well as in S. algeriensis). c—e Larvae of Sperchon setiger: ¢ dorsal idiosoma, d ventral idiosoma and gnathosoma (c, d from [51]), e total,
dorsally. Scale bars: 100 um. a, b provided by R Gerecke, ¢, d provided by P Martin, e provided by A Renz
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Fig. 4 Infection rate (i.e. fraction of host population parasitized
averaged per sample) of black fly species in which water mites were
found. Error bars represent standard errors

abundance of aquatic mites is referred to the immediate
space where their (potential) hosts are present, above all
the pupa stage, and the space between their body and the
cocoon, but not to the whole river section in question. As
a consequence, the representativeness of water mite data
presented here is biased by the collection methodology
used. A greater diversity of water mite species as well as a
precise relative abundance would be expected applying a
specific methodology for the collection of mites.

For most of these species, data on larval morphology
and host preference are completely lacking (Aturus gal-
licus, Sperchon algeriensis, S. compactilis, Torrenticola
barsica), or the data are not trustworthy due to unclear
taxonomic state (Atractides nodipalpis, Hygrobates cal-
liger and Lebertia porosa are representatives of groups
of sibling species in the course of revision (V Pesi¢ and
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Table 3 Prevalence data of black fly species parasitization by water mites by river basin

Basin® Number of Total number ~ Number of samples with ~ Total number of ~ Black fly species Total number of
parasitized pupae  of pupae parasitized pupae samples (Simulium spp.) black fly (Simulium)

parasitized species

Algar 1 369 1 5 S.intermedium

Amadorio 0 9 1 0 -

Cenia 6 659 2 2 S.intermedium 5
S.ornatum
S. trifasciatum

Cérvol 0 1 0 1 - 1

JUcar 22 2717 4 20 S. lineatum 16
S. pseudequinum

Mijares 395 4575 11 17 S.equinum 13
S.intermedium
S.ornatum

S. pseudequinum
S. trifasciatum

Montnegre 0 208 0 4 - 7

Palancia 0 914 0 13 - 12

Serpis 2 3660 2 37 S.angustitarse 14
S. sergenti

Turia 0 2284 0 16 - I

@ Basins are presented in alphabetical order

Number of mites per pupa
B S. angustitarse
OS. sergenti
180 OS. lineatum
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Fig. 5 Number of parasitized pupae of black fly species and intensity of water mite parasitism




Lépez-Pena et al. Parasites & Vectors (2022) 15:474

Page 13 of 19

Table 4 Results of multiple logistic regression of environmental variables on prevalence of water mite parasitism on the pupae of

black fly species

Species Elevation pH Conductivity Turbidity Oxygen
concentration

S.angustitarse —0.06 — 754.76 — 4442 — 2.66 —373

S. sergenti 0.01 —943 6.14 —0.16 —1.16

S. lineatum —3.05 — 3953.30% 1650.98 262.20 -

S.ornatum 0.24 — 3529.00% — 156.50% —0.06 35.82

S. intermedium —0.01 — 1583.00% 447.00* —19.88* —12.83

S. pseudequinum —0.01 6.72 7.79% 0.04 —3.15

S.equinum — 001 — 2602 - - -

S. trifasciatum 0.60 — 4639.54% — 397.89% — 2.99*% —23.10

Data are the beta regression coefficients
*Statistically significant after Bonferroni correction (a'=0.00625)

Table 5 Results of multiple logistic regression of environmental variables on intensity of water mite parasitism on the pupae of black

fly species

Species Elevation pH Conductivity Turbidity Oxygen
concentration

S. lineatum 0.01 — 731 - - -

S.ornatum 0.01 022 - - -

S. intermedium 0.01 451 —0.16 - -

S. pseudequinum — 003 — 5431 10.99 2.55 —033

S. trifasciatum 0.02 —32.77* —024 - -

Data are the beta regression coefficients

*Statistically significant after Bonferroni correction (a'=0.00625)

R Gerecke, unpublished). As the taxonomic attribution
of populations from the Iberian Peninsula is unclear in
many cases, the host range also needs to be reconsidered
at a lower geographic scale.

Free-living stages of water mite species were not homo-
geneously distributed. The vast majority of the identified
water mite species were singletons (i.e. species reported
just from one sample), as was the case for Atractides
nodipalpis, Aturus sp., A. gallicus, Hygrobates calliger,
H. fluviatilis gr., Lebertia sp., L. porosa and Torrenticola
sp. The most diverse and abundant share of free-living
individuals belonged to the family Sperchontidae, with
S. algeriensis as the most abundant species (30 speci-
mens) and present in the highest number of samples (7),
followed by S. compactilis (15 specimens from 5 differ-
ent samples). Postlarval specimens of S. setiger, the only
species previously reported parasitizing black fly pupae,
were also present in some samples, although it was nei-
ther remarkably abundant nor common in the assem-
blages of free-living adult water mites.

Sequencing and genetic distance

The most frequent Sperchon species in the study area, S.
algeriensis, was originally described from northern Africa
(Sperchon (Hispidosperchon) algeriensis Lundblad, 1942)
and subsequently recorded from many sites in the cen-
tral and western Mediterranean Palaearctic area [34].
Here we present for the first time molecular data for a
population of this species, collected in the proximity
of Villalonga, a town located on the banks of the Serpis
river. This analysis was made possible due to the “DNA-
Eco” project coordinated by Vladimir Pesic (University of
Montenegro, Podgorica), and sequencing was done at the
Canadian Centre for DNA Barcoding (CCBD, Guelph,
ONT, Canada; http://ccdb.ca/; sample ID: CCDB 41824
E04; BOLD ID: HYDBHO052-22). The results of this analy-
sis confirm that S. algeriensis is a distinct species, clearly
separable from S. compactilis and S. setiger (with the lat-
ter probably being an aggregate of 2 or more species).
Furthermore, the high genetic distance of 15.4% between
the Spanish material and a specimen from Iran, attrib-
uted to S. algeriensis by Pesic et al. [52], suggests that the
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Table 6 Abundance of free-living mites in the study sites, mainly at the adult or deutonymphal stage

Sample number Mite species Male (n) Female (n) Deutonymph (n) Larvae (n) Mite

total
number

3 Atractides nodipalpis 1 1
Sperchon compactilis 2 2
Sperchon setiger 2 2

5 Sperchon denticulatus gr 1 1
Sperchon compactilis 1 1 2

7(3) Sperchon compactilis 2 1 3
Torrenticola barsica 1 1

14 (2) Sperchon compactilis 2 1 3
Sperchon algeriensis 1 1

15 Oribatida 1 1

17 Hygrobates calliger 1 2 2 5
Hygrobates sp. 4 4
Sperchon algeriensis 1 1
Sperchon denticulatus gr 1 1

18(2) Sperchon compactilis 2 1 5

19 Hygrobates fluviatilis 2
Hygrobates sp. 5 5
Aturus sp. 1 1
Sperchon algeriensis 2 2 13 17

20 Torrenticola sp. 1 1
Lebertia porosa 1 1
Sperchon algeriensis 2 2
Hygrobates sp. 1 1

21 Hygrobates sp. 1 1
Sperchon setiger 1 1

21 (2) Sperchon algeriensis 1 2 4 7
Torrenticola barsica 1 1
Hygrobates sp. 1 1

22 Aturus gallicus 1 1 2
Sperchon algeriensis 1 1

22(2) Oribatida 1 1

24 Lebertia sp. 1 1

24.(2) Sperchon algeriensis 1 1

latter belongs to a further distinct species. It likely repre-
sents S. beneckei Bader & Sepasgosarian, 1982, a species
proposed to be a synonym of S. algeriensis by Asadi et al.
[53].

Discussion

The ecological importance of water mites in freshwater
lotic ecosystems has often been inappropriately under-
estimated in ecological studies [21]. Far beyond their
diversity and abundance, water mites can exert impor-
tant effects on lotic community structure as predators,
parasites or both [25, 54]. Black fly species may consti-
tute a biomedical and veterinary problem of growing

concern [33] as potential hosts. They can be parasitized
mostly as imagos following the hatch, to which water
lice larvae are attached following parasitism during the
pupal stage of the black fly [19]. Therefore, in this study
we provide information on the prevalence and intensity
of water mite parasitism on black fly pupae in the field
for a broad span of territory in eastern Spain where the
abundance of black fly species is already beginning to
be treated as a public health issue [33, 55-58].

Overall, we report a relatively low prevalence of water
mite parasitism on black fly pupae, with the highest val-
ues being approximately 3%, which agrees with other
observations, such as in chironomids [59-61]. Most of
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Table 7 Counts of free-living water mite species ordered by taxonomic order and family

Order Family Species Abundance n
Oribatida - - 2 2
Trombidiformes Aturidae Aturus sp. 1 1
Aturus gallicus Viets, 1939 2 1
Hygrobatidae Atractides nodipalpis Thor, 1899 1 1
Hygrobates sp. 12 5
Hygrobates calliger Piersig, 1896 5 1
Hygrobates fluviatilis (Strém, 1768) 2 1
Lebertidae Lebertia sp. 1 1
Lebertia porosa Thor, 1900 1 1
Sperchontidae Sperchon algeriensis Lundblad, 1942 30 7
Sperchon compactilis Koenike, 1911 15 5
Sperchon denticulatus gr 2 2
Sperchon setiger Thor, 1898 3 2
Torrenticolidae Torrenticola sp. 1 1
Torrenticola barsica (Szalay, 1933) 2 2

2 n denotes the number of sampling points where each species was found, and information regarding their location and physico-chemical variables can be found in

Table 1

the species of black flies were not parasitized at all, and
in the parasitized species, water mite larvae were found
only on a low proportion of pupae. Notwithstanding, sev-
eral aspects are remarkable. First, some species of black
flies showed a significantly higher level of parasitism than
others, as also reported previously by other authors (see
[62]). In our study, this was the case for Simulium trifas-
ciatum, S. equinum and S. pseudequinum, the latter two
species characterized by their hematophagic habits and
veterinary importance. Showing a lower prevalence of
parasitism were two other species of biosanitary concern,
namely S. ornatum (approx. 2%) and S. lineatum (<1%).
Second, a single water mite species of the genus Sperchon
was probably responsible for all the black flies specimens
parasitized in our study. Larvae of Sperchon species typi-
cally suck hemolymph from their adult hosts [19, 62, 63].
Interestingly, mite larvae in the black fly pupal cocoons
were found in states ranging from the unfed to engorged,
suggesting that they used black fly pupae to obtain food.
Regarding the specificity of the host-parasite relation-
ship, our results are qualitatively consistent with previous
findings by Gledhill et al. [19], who also reported cases
of S. equinum and S. ornatum parasitized by water mites
attributed to S. setiger in southern England, although
with a higher prevalence in S. ornatum. Regarding water
mite load per pupae, the highest number of Sperchon
larvae found in the present study was described for a S.
pseudequinum pupa with 13 mites, while Gledhill et al.
[19] reported an approximately twofold higher maxi-
mum number of mites in S. ornatum. For adult simuliids,

Ullrich [27] reported an average of about four larvae
attached to simuliid imago, reaching a maximum of 21
larvae per host. Intensity rates were highest in emergence
peaks of the preferred host species. Since a high intensity
of parasitism probably deeply affects the vitality of the
host individuals, food intake in the pupal simuliids (vis-
ible in the engorged water mite larvae) might be an alter-
native way of survival for the water mite larvae in periods
when too many mite larvae and too few simuliids are pre-
sent in the field. Insect larvae and/or pupae are generally
seldom used as water mite hosts. For example, for Arren-
urus (Megaluracarus) globator (Miiller, 1776), a species
with an unusually broad host spectrum, both larvae and
adults of nematocerans were found as host [64]. Larvae
of the water mite genus Unionicola, which are typical
parasites of adult chironomids, were found additionally
found attached to caddisfly larvae [65].

Several factors may affect the prevalence and intensity
of parasitism of water mites on black fly pupae. On one
hand, it has been suggested that the morphology of the
pupae is a determining factor for some black fly species
to be potential hosts of S. setiger [19]. Such specificity
may be related to the thickness of the pupal respiratory
filaments. In this context, Gledhill et al. [19] suggested
that thinner respiratory filaments facilitate the infestation
by water mite larvae. This notion holds true in our study
for black fly species with thin respiratory filaments, such
as S. ornatum, S. intermedium, S. pseudequinum and S.
trifasciatum (also heavily affected in the study by Gledhill
et al. [19]), but not for S. equinum (whose respiratory
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filaments are quite thick and short). Davies [62] sug-
gested that the prevalence of parasitism may be related
to both factors, namely the ease of access into the pupal
chamber and the amount of stored nutrients in fat bodies
or maturing eggs. This observation infers the possibility
that Sperchon water mites tend to pre-select their hosts
on the basis of some kind of chemical attraction, a matter
for further research ([19], but see also [27]).

On the other hand, prevalence and intensity of para-
sitism by water mite larvae may be differentially affected
by ecological factors. Most water mites are known to be
very vulnerable to modifications in substrata, water qual-
ity or discharge [66] and also to be affected by the differ-
ent ecological demands of their developmental stages.
Therefore, a detailed study of the relative abundance of
the specimens of each species collected in the differ-
ent substrates of the river frequented, together with the
ecological factors of the habitats, such as the physical—
chemical nature of the water, could shed more light on
these mites. However, according to Renz et al. [20], levels
of infestation seem to be linked to water pollution, and
these authors reported that infestation levels were lowest
in rivers with a low organic load. In Spain, we observed
that parasitism prevalence in S. lineatum, S. ornatum, S.
intermedium and S. trifasciatum was negatively affected
by pH, and this same environmental variable explained
water mite load per individual in S. lineatum, S. pseud-
equinum and S. trifasciatum. Roughly, our results suggest
a trend to lower prevalence of water mite parasitism with
increasing values of pH, conductivity and turbidity, fac-
tors which ultimately impair water quality. Specifically
free-living stages of water mite species were also nega-
tively correlated with pH. Further, our results suggest a
positive relationship between black fly pupae abundance
and prevalence. Thus, we conjecture that the higher prev-
alence of parasitism by water mites is due to a density-
dependent effect, by which greater overcrowding would
favor transmission, but it is generally not well understood
how water mite larvae search for their potential hosts in
lotic environments [12].

Natural species assemblages of free-living stages of
water mites are the potential sources from where black
fly parasites could emerge. Typically, different assem-
blages are associated to varying ecological features of the
stream habitats and ultimately depend on the ecological
preferences of each species. Water mites are known to
be among the most diverse of freshwater organisms [67],
with more than 370 species described in Spain (Iberian
Peninsula, Balearic Islands and Canary Islands) [68] and,
for example, more than 450 species described in Cen-
tral Europe [69]. However, species richness is generally
reduced in running waters with strong seasonal changes
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[70]. The species that parasitized black fly pupae in our
study is a representative of the genus Sperchon. Sper-
chon setiger, the species that so far has attracted the most
interest as a parasite of black flies, is present in the study
area, but the species most frequently encountered in the
assemblages of free-living stages of water mites is S. alge-
riensis. The latter is reported from Sicily as a character
species of summer-warm Mediterranean streams with
temporaneous surface flow [70], but its larval morphol-
ogy and life-cycle are still unknown. In fact, the hydrogra-
phy of the present study area is characterized by summer
drought. Therefore, the high abundance of this species in
the present study is not surprising because of the pres-
ence of intermittent habitats. Along with some other
species of the subgenus Hispidosperchon, adults and deu-
tonymphs of S. algeriensis, S. setiger and S. compactilis,
also species recorded in our study, share a series of mor-
phological similarities. Further research on the life-cycles
and larval morphology is required in order to better
understand the parasite-host relationship of all these spe-
cies. Questions that naturally arise concern the general
host preference of the involved species. Also, we cannot
exclude that we have to deal with a set of cryptic spe-
cies differing in host preference. To the contrary, we may
be dealing with a single species that parasitizes a much
wider range of dipteran taxa and is able to switch, follow-
ing ecological conditions, from one host to another. It is
likely that in the natural habitats where free living stages
of water mites are found, a wider choice of flying-host
items may be available in varying proportions for these
parasites; for example, several species in the genus Sper-
chon are known to use chironomids as their hosts as well
[16, 17], which Martin [18] showed for S. setiger.

Conclusions

The main aim of this study was to get insight into the
parasitic relationship of water mites (Hydrachnidia)
with black flies. The results show that these Hydrach-
nidia affect the pupal stage of different species of simuli-
ids. A variation in the load of water mites per pupae was
detected at both intra- and interspecific level. The data
reported here contribute to a better understanding of the
water mite—black fly relationship, the prevalence of para-
sitism, bioecology and geographical distribution of water
mites.
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