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Abstract: The present study is the first survey on the role of Artemia franciscana Kellogg as intermediate host of helminth parasites
in its native geographical range in North America (previous studies have recorded nine cestode and one nematode species from this
host in its invasive habitats in the Western Mediterranean). Samples of Artemia franciscana were collected from four sites in the Great
Salt Lake (GSL), Utah, across several months (June—September 2009). 4. franciscana serves as intermediate host of five helminth
species in this lake. Four of them are cestodes: three hymenolepidids, i.e. Confluaria podicipina (Szymanski, 1905) (adults parasitic
in grebes), Hymenolepis (sensu lato) californicus Young, 1950 (adults parasitic in gulls), Wardium sp. (definitive host unknown, prob-
ably charadriiform birds), and one dilepidid, Fuhrmannolepis averini Spassky et Yurpalova, 1967 (adults parasitic in phalaropes). In
addition, an unidentified nematode of the family Acuariidae was recorded. Confluaria podicipina is the most prevalent and abundant
parasite at all sampling sites, followed by H. (s. L) californicus. The species composition of the parasites and the spatial variations in
their prevalence and abundance reflect the abundance and distribution of aquatic birds serving as their definitive hosts. The temporal
dynamics of the overall helminth infections exhibits the highest prevalence in the last month of study at each site (August or Septem-
ber). This native population of A. franciscana from GSL is characterised with higher prevalence, intensity and abundance of the overall
cestode infection compared to the introduced populations of this species in the Palaearctic Region. The values of the infection descrip-
tors in the native population of A. franciscana are slightly lower or in some cases similar to those of the Palaearctic species Artemia
parthenogenetica Barigozzi (diploid populations) and Artemia salina (Linnacus) in their native habitats.
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Brine shrimps of the genus Artemia Leach (Crustacea:
Branchiopoda: Anostraca) are plankters in hypersaline
habitats throughout the world, often dominating their food
webs (Amat et al. 1995, Wurtsbaugh and Gliwicz 2001).
They are an essential food resource for aquatic birds
(Caudell and Conover 2006, Sanchez et al. 2006, Varo et
al. 2011). The genus Artemia includes six bisexual species
and a group of parthenogenetic populations with diverse
ploidy (2n and 4n) known as Artemia parthenogenetica
Barigozzi (see Abatzopoulos et al. 2002). Only two bisex-
ual species occur in the New World: Artemia franciscana
Kellogg and Artemia persimilis Piccinelli et Prosdocimi.
The former is widespread in the Americas (Triantaphyl-
lidis et al. 1998, Abatzopoulos et al. 2002) while the geo-

graphical range of the latter is restricted to southern South
America (Triantaphyllidis et al. 1998).

The American brine shrimp 4. franciscana serves as an
essential food source for millions of birds at the Great Salt
Lake, Mono Lake and other hypersaline wetlands in North
America. In addition, these shrimps support a multi-mil-
lion dollar commercial harvest (Great Salt Lake Ecosystem
Program 2010). Since the 1980s, their use in aquaculture
and pet industries has resulted in their introductions into
ecosystems outside of their native range. In addition, mi-
gratory birds play an important role as efficient dispersal
vectors of Artemia cysts (Green et al. 2005, Sanchez et
al. 2007a, 2012a). Consequently, 4. franciscana has in-
vaded many hypersaline wetlands in southern Europe (for
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review, see Amat et al. 2005). In the western Mediterra-
nean, A. franciscana has been recorded in Portugal, Spain,
France, Italy, Tunisia and Morocco (Hontoria et al. 1987,
2012, Thiéry and Robert 1992, Amat et al. 2005, 2007,
Mura et al. 2006, Ben Naceur et al. 2010, Pinto et al. 2013,
Scalone and Rabet 2013) and it has become a threat for the
native biodiversity.

Currently, there is a growing interest in the role of para-
sites in biological invasions (Torchin et al. 2003, Prenter et
al. 2004, Dunn 2009, Dunn et al. 2012). Native species of
Artemia from western Mediterranean salterns are known to
be intermediate hosts of 12 cestode species parasitising fla-
mingos, grebes, waders, shelducks and gulls (reviewed by
Georgiev et al. 2005, Vasileva et al. 2009). Cestode infec-
tions are associated with physiological, reproductive and
behavioural alterations with a negative impact on native
brine shrimps (e.g. Amat et al. 1991, Sanchez et al. 2006,
2007b, 2009a). Nine of those avian cestodes as well as one
nematode species were recorded in introduced populations
of A. franciscana in the western Mediterranean (Georgiev et
al. 2007, 2014, Vasileva et al. 2009, Sanchez et al. 2012b).
Previous studies have shown lower infection rates in this
invasive brine shrimp than in native 4. parthenogenetica
(diploid populations) and 4. salina (Linnaeus), which, asso-
ciated with the negative impact of parasites on native hosts,
could partly explain the competitive success and the rapid
invasion of A. franciscana in the Iberian Peninsula (Geor-
giev et al. 2007, 2014). However, the lack of information
about helminth infections in A. franciscana populations in
its native range does not allow better understanding of the
role of parasites in the invasion process of this brine shrimp
in Europe.

The aim of the present study is to perform a systematic
survey on larval helminth parasites in 4. franciscana in its
native habitat (Great Salt Lake, USA) and to reveal spatial
and temporal variations in the parasitic infections. We also
compare the species composition of helminth parasites
and their infection parameters in the native and introduced
populations of A. franciscana in order to better understand
the differences of its role as intermediate host in native and
invaded habitats.

MATERIALS AND METHODS

Sampling localities and dates

Brine shrimps were collected from four sites around the Great
Salt Lake (GSL), Utah, USA (Fig. S1) during June—September
2009. These sites were selected on the basis of their accessibility
and previous data on concentrations of birds (Paul and Manning
2002; S.R. and N.J.B. — unpubl. data). They were near the Ante-
lope Island causeway (AIC, depth 0.1-0.2 m), open water north
of Antelope Island (AL, depth 2.0-2.5 m), Ogden Bay (OB, depth
0.2-0.7 m) and Saltair Marina (SM, depth > 3 m). The salinity
was 105-150 g/l (measured on sampling days), except for AIC in
June (20 g/1 ) where no brine shrimps were present and in August
(47 g/1). Water temperature (measured on sampling days) varied
20-28°C. One sample per month and site was collected from sur-
face waters (0-0.5 m).
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Processing brine shrimp samples and helminth identification

Individuals of Artemia franciscana were collected with
a planktonic hand net (500 um mesh size). They were transferred
into plastic containers (5 1) filled with lake brine and transported
to the College of Sciences, Weber State University (Ogden). Sam-
ples were arranged into several containers (4 1) and phytoplank-
ton mass culture (7etraselmis sp.) was added to keep Artemia
specimens alive for few days until they were studied. Random
samples were collected and fixed in 70% ethanol for future para-
site survey and identification.

Parasites were identified and counted by examining adult 4r-
temia specimens in temporary glycerol mounts (at least 24 h after
being mounted) under a compound microscope. If the identifi-
cation of the cysticercoids was not possible at this stage, whole
brine shrimps or isolated cysticercoids were mounted in Berlese’s
medium to facilitate observations of the rostellar hooks. Larval
nematodes were detected, counted and characterised in temporary
glycerol whole mounts.

Cysticercoids were identified by comparisons with previous
descriptions (Maksimova 1977, 1981, Georgiev et al. 2005, Vasil-
eva et al. 2009). The terminology of cysticercoids follows Chervy
(2002). The identification of the cysticercoids of Hymenolepis
(sensu lato) californicus Young, 1950 needed re-examination of
paratypes from the U.S. National Parasitological Collection (US-
NPC No. 46488).

The metrical data in the descriptions are based on specimens
mounted in glycerol unless otherwise stated and are given as the
range, with the mean and the number of measurements taken in
parentheses. The measurements are in micrometres except where
otherwise stated.

Bird data

Information about the presence of birds was obtained from
a GSL Waterbird Survey carried out from April 2008 to Septem-
ber 2011 (Table S1). The monthly census of aquatic birds was
performed in the frame of the GSL Ecosystem Program (Utah
Division of Wildlife Resources). Additional data, based on the
Five-Year Report of the GSL Waterbird Survey (1997-2001),
were also used (Paul and Manning 2002).

Parameters of infection and statistical analysis

Infection descriptors prevalence (P%), mean intensity (MI)
and mean abundance (MA) were used as defined by Bush et al.
(1997). These parameters were calculated for the total helminth
infection and for each helminth species in adult individuals of
A. franciscana per sampling site and month. In addition, the rela-
tive abundance (RA%) of each cestode species was determined
for each locality.

Non-parametric statistics were utilised due to the lack of nor-
mality in the distributions of the infection parameters after several
transformations. Statistical analyses were carried out using SPSS
15.0 for Windows package (SPSS Inc., Chicago, IL, USA). The
significance of the variations in prevalence was evaluated using
Chi-square test (y?) or Fisher’s exact test for small sample size.
Kruskal-Wallis and Mann-Whitney U tests were used to analyse
the differences in mean intensity and mean abundance. Signifi-
cance was assumed at P < 0.05. P values were always Bonferroni-
corrected to avoid type I errors (Miller 1981).
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Table 1. Prevalence (P%), intensity, mean intensity (MI £ SE) and mean abundance (MA + SE) of helminth parasites in adult brine

shrimps (Artemia franciscana Kellogg) from the Great Salt Lake.

Helminth infection Number of P% Intensity Abundance
parasites Range MI + SE MA + SE
Cestodes (cysticercoids) 1642 39.2 1-11 1.68 +0.04 0.660 + 0.02
Confluaria podicipina (Szymanski, 1905) 1471 349 1-11 1.69 + 0.04 0.592 +0.02
Hymenolepis (s. l.) californicus Young, 1950 168 6.5 1-2 1.04 +£0.02 0.068 +0.01
Wardium sp. 2 0.1 1 1.00 + 0.00 0.001 +0.00
Fuhrmannolepis averini Spassky et Yurpalova, 1967 1 0.04 1 1.00 0.001 +0.00
Nematodes (larvae)
Acuariidae gen. sp. 97 3.8 12 1.03 +£0.02 0.039 +0.00
Overall infection 1739 40.7 1-11 1.72+0.04 0.699 + 0.02

RESULTS

General parameters of infection

Five helminth species were identified in 1011 infected
individuals out of 2487 brine shrimp examined. A total of
1739 parasite specimens, including 1 642 cestode cysticer-
coids and 97 nematode larvae, was registered. The inten-
sity of helminth infection was 1-11 parasites. The total
values of MI and MA were 1.72 + 0.04 and 0.699 + 0.02,
respectively (Table 1).

Four species of cyclophyllidean cestodes were recorded
in Artemia franciscana in GSL. Three of these belong to the
family Hymenolepididae, i.e. Confluaria podicipina (Szy-
manski, 1905) (adults parasitic in grebes), Hymenolepis
(s. 1) californicus (adults parasitic in gulls) and Wardium
sp. (majority of the species of this genus are parasitic in
aquatic birds). The fourth cestode species belongs to the
family Dilepididae, Fuhrmannolepis averini Spassky et
Yurpalova, 1967, a parasite found in phalaropes. Confluaria
podicipina was the most prevalent and abundant helminth
species in our samples (Table 1). The fifth helminth taxon
was a nematode species (third-stage larva) of the family
Acuariidae, further referred to as ‘Acuariidae gen. sp.’.

The P%, MI and MA of cestode infections were much
higher than those for the nematode infections (p < 0.001).
Thus, the intensity of cestode infections ranged between
1-11 cysticercoids while only 1-2 nematode larvae per in-
dividual were detected (Table 1). Host thorax was the pref-
erential site for all helminth species recorded.

Systematic survey of helminth larvae
Cestodes
Family Hymenolepididae Ariola, 1899

Confluaria podicipina (Szymanski, 1905)  Figs. 1, 4A

Specimens studied: ex Artemia franciscana, GSL, An-
telope Island Causeway, 29 September 2009, 17 cysticer-
coids, measured in glycerol mounts; 5 cysticercoids iso-
lated and mounted in Berlese’s medium.

Remarks. We do not provide a description of cysticer-
coids of C. podicipina from GSL because their morphol-
ogy (Figs. 1, 4A) corresponds to that of cysticercoids from
A. parthenogenetica (diploid populations) in Spain (Geor-
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giev et al. 2005). Cysts and scoleces of the cysticercoids
from Spain are slightly larger compared to specimens from
GSL (Table 2), probably because they have been measured
from isolated cysticercoids in Berlese’s medium (Georgiev
et al. 2005) that may affect the size of the muscular organs
and cysts but not of rostellar hooks (specimens from GSL
have been measured in glycerol mounts). Often, cysticer-
coids of this species were distinctly larger than other indi-
viduals (Fig. 1A,C,D), most frequently when adult 4. fran-
ciscana carried 2—3 cysticercoids. The difference between
larger specimens and the majority of cysticercoids was
mainly in the size of the external envelope formed by the
cercomer.

Maksimova (1981) examined the life cycle of C. podi-
cipina after experimental infection of a species of Artemia
from Kazakhstan and described metacestodes at different
degree of development stage. She reported similar differ-
ences between young cysticercoids on the 10" day post in-
fection (DPI) and fully developed cysticercoids (16™ DPI).
Young larvae had no fully developed cercomer and exter-
nal envelopes; they were smaller in size, even their ros-
tellar hooks were slightly shorter in comparison with the
hooks of the fully developed larvae (20 um vs 22 um, re-
spectively). In addition, Maksimova (1981) mentioned that
between 13" and 15™ days post-infection, both smaller and
fully developed cysticercoids were recorded in the same
host individual.

During the present study, we found cysticercoids of
various sizes, including some specimens with intermedi-
ate measurements. Despite the differences in the meas-
urements of the external envelope, the morphology of all
cysticercoids and the shape of their rostellar hooks were
similar (Fig. 4A). On this basis, we identify all cysticer-
coids of the genus Confluaria from GSL as C. podicipina.

Confluaria podicipina has been recorded in North
America in the horned grebe Podiceps auritus (Linnaeus)
and in the eared grebe P. nigricollis Brehm (known outside
America as black-necked grebe) from Alberta (Canada)
(Stock and Holmes 1987).

Hymenolepis (sensu lato) californicus Young, 1950
Figs. 2A-E, 4B,C,E

Specimens studied: ex Artemia franciscana, GSL,
Antelope Island Causeway, July 2009, 26 cysticercoids;
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Fig. 1. Confluaria podicipina (Szymanski, 1905) from Artemia franciscana Kellogg, Great Salt Lake, Utah, USA. A — two cysticer-
coids at different stages of development, note the smaller cysticercoid (arrow); temporary glycerol mount; B — fully developed cyst-
icercoid (temporary glycerol mount); C, D — isolated internal cysts at different stages of development (mounts in Berlese’s medium);
E — isolated cysticercoid with unpacked cercomer (mounts in Berlese’s medium).

Table 2. Metrical data of cysticercoids of Confluaria podicipina (Szymanski, 1905) from Artemia spp. from various hosts and localities.

Host ‘A. salina’ A. parthenogenetica A. franciscana
Locality Tengiz Lake (Kazakhstan) Odiel (Spain) Utah (USA)
References Maksimova (1981) Georgiev et al. (2005) Present study
Range Range Mean n Range Mean n
External capsule length 147-170 195-255 215 9 144-313 212 15
width 105 135-204 152 9 72-192 118 15
Cyst length 103* 93-147 121 12 72-143 106 17
width 53* 47-87 73 12 36-89 61 17
Scolex length 60 72-104 92 12 38-52 48 15
width 38 38-72 59 12 25-47 37 15
Suckers diameter 20-25 26-32 28 10 21-26 22 6
Rostellum length 38 42-47 46 7 23-31 27 10
Rostellar hooks  total length 22 21-24 22 12 19-21 20 11
blade - - - - 11 - 11
handle - - - - 3-5 4 11
guard - - - - 5-6 [§ 11

* measurements based on fig. 2D of Maksimova (1981).

GSL Ogden Bay, August 2009, 14 cysticercoids. Compara-
tive material: ex Larus californicus Lawrence, California
(USNPC No. 46488), two slides with paratypes of Hyme-
nolepis californicus specimens, stained and mounted in
Canada balsam.

Description of cysticercoids: Cercocysticercoid.
Cyst oval to lemon-shaped, 164-247 x 108-171 (195 x
140, n = 39), with thick wall consisting of three layers
(Figs. 2A-C, 4E); transparent outer envelope not seen.
Scolex almost round, 74-108 (91, n = 13) long, with maxi-
mum width 72-99 (86, n = 13) at level of suckers. Rostrum
short, conically tapering. Suckers oval, with weakly-de-

veloped musculature, unarmed, 32—40 (36, n = 37) in di-
ameter. Rostellar sheath deep, thick-walled, crossing level
of posterior margins of suckers, 58—81 x 36-50 (66 x 42,
n = 11). Rostellum thick-walled, with apical enlargement
and conically-tapering posterior part; 32-54 (41, n = 11)
long and 25-36 (30, n = 11) wide at apical region. Ros-
tellum invaginable. Rostellar hooks 10 in number, almost
aploparaksoid in shape (Figs. 2D,E, 4B); blade long, thin,
straight; guard shorter than blade; handle distinct, short;
total length of hooks 18-20 (19, n = 18), length of blade
10-12 (11, n = 18), handle 4-5 (4, n = 18) and guard 6-8
(7, n = 18). Cercomer (Figs. 2A,B, 4E) with maximum
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Fig. 2. Hymenolepis (sensu lato) californicus Young, 1950 (A-E) and Wardium sp. (F-H) from Artemia franciscana Kellogg, Great
Salt Lake, Utah, USA. A—C — cysticercoids with fragments of cercomer (arrows), temporary glycerol mount; D, E, G, H — rostellar
hooks; F — isolated cysticercoid (mount in Berlese’s medium).

width 41-76 (43, n = 14); entire cercomer not isolated and
not measured; maximum length of fragments 0.8—1.8 mm
(1.2 mm, n=4).

Observations on paratypes of H. californicus: For the
morphology of rostellar hook, see Fig. 4C. Measurements
of rostellar hooks: total length 19 (n =5), blade 11 (n=15),
handle 4 (n = 5), guard 7-8 (7, n=15).

Remarks. The cysticercoids from A. franciscana from
GSL possess rostellar hooks with almost aploparaksoid
shape. They can be distinguished from typical aplopar-
aksoid hooks by their short but distinct handle. A group
of hymenolepidids from birds (mainly gulls) using bran-

chiopods as intermediate host possess rostellar hooks of
similar shape to those recorded in the present study. Most
of them have been placed in the genus Wardium Mayhew,
1925 and, later, five of them have been separated to form
the genus Branchiopodataenia Bondarenko et Kontrimavi-
chus, 2004 (see Bondarenko and Kontrimavichus 2004a).
None of the cysticercoids of Branchiopodataenia spp.
(see Bondarenko and Kontrimavichus 2004b) has rostellar
hooks identical to those of the present material.

We have compared the present cysticercoids with three
hymenolepidids from gulls possessing similar hooks and
known to have life-cycles that include branchiopods as in-
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termediate hosts. These are Wardium stellorae (Deblock,
Biguet et Capron, 1960), Hymenolepis californicus and
H. (s. 1) fusus (Krabbe, 1869). Cysticercoids of W. stel-
lorae from Palacarctic Artemia spp. (Maksimova 1986,
Georgiev et al. 2005, 2007) have rostellar hooks 23 pum
long vs 1820 um (av. 19 pm) in specimens from GSL;
the blades of the hooks of W. stellorae are slender, longer,
with slightly curved ends, which also differs them from the
present material.

Hymenolepis fusus was described as Taenia fusus from
Larus hyperboreus Gunnerus from Greenland and L. rid-
ibundus Linnaeus from Germany (Krabbe 1869). It has
been revealed that the type-specimens belonged to two
species; the type-specimens from L. hyperboreus were
identified as Branchiopodataenia arctowskii (Jarecka et
Ostas, 1984) whereas the types from L. ridibundus were
considered as representative for Hymenolepis (s. 1) fusus
(see Bondarenko and Petkevichiute 1998, Bondarenko and
Kontrimavichus 2004a). Upon re-examination of these lat-
ter specimens, Bondarenko and Petkevichiute (1998) noted
aploparaksoid-like rostellar hooks with length 17-18 pm
and distinct handles (3 um long), thus differing from the
present material. Cysticercoids of H. (s. L) fusus from
A. ‘salina’ in Kazakhstan (Maksimova 1987) have shape of
hooks (see figs. 1B, E of Maksimova 1987) characterised
by less-expressed handle and blade situated at angle to the
guard (compared to almost parallel blade and guard in the
present material).

Young (1950) described Hymenolepis californicus from
Larus californicus (type-host) and L. delawarensis Ord in
California. Upon re-examination of paratypes of this spe-
cies, we found identical shape and size of the rostellar hooks
with the hooks of the present cysticercoids (Fig. 4B,C).
Thus, we identify the cysticercoids described above as
H. (s.l) californicus. Furthermore, the GSL population
of California gulls is abundant and represents the largest
breeding population of this species in the world (Manning
and Paul 2003). In the present study, we follow the sugges-
tion of Bondarenko and Kontrimavichus (2004a) who re-
garded this species as a member of Hymenolepis Weinland,
1858 (sensu lato), pending further studies on its strobilar
morphology.

Young (1952) described the larva of H. (s.l.) californi-
cus from Artemia ‘salina’ from Mono Lake and salt pools
near Chula Vista, California. The length of the larva was
described as varying between 73 pm and 256 pm and the
rostellar hooks were 8—17 um long. Young (1952) consid-
ered this variability as “undoubtedly developmental”. In
addition, he mentioned the variation in the shape of the
cysts and their envelopes. Some of them have been found
“to lie free in the body of the shrimp” whereas others have
been surrounded by a thick sac with a very long, spiral-
ly coiled tail (7-20 mm long, see fig. 2 of Young 1952).
The latter features resemble the morphology of the cyst-
icercoids of Confluaria podicipina. Therefore, we believe
that the samples of Young (1952) contained cysticercoids
of both C. podicipina and H. (s. L) californicus. The high
levels of infection with cysticercoids of C. podicipina
observed by Young (1952) and its seasonal dynamics are
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not unexpected since Mono Lake is one of the sites (to-
gether with GSL) where nearly the entire North-American
population of Podiceps nigricollis concentrates for several
months during migrations (Jehl and Johansson 2002).

Wardium sp. Figs. 2F-H, 4D,F

Specimens studied: ex Artemia franciscana, GSL
Antelope Island Causeway, 8 July 2009, 2 cysticercoids,
mounted in Berlese’s medium.

Description of cysticercoids (metrical data based on
specimens mounted in Berlese’s medium): Cercocyst-
icercoid. Cyst lemon-shaped, thick-walled (Figs. 2F, 4F),
236-291 x 197-214 (n = 2). Scolex oval, with wide, coni-
cally tapering anterior part; length 136 (n = 1) and maxi-
mum width 109 (n = 1) at level of suckers. Suckers oval,
with weakly-developed musculature, unarmed, with diam-
eter 44-50 (47, n = 4). Rostellar sheath deep, thin-walled,
106 x 53 (n = 1), crossing level of posterior margins of
suckers. Rostellum thick-walled, with apical enlargement
and conically-tapering posterior part; 68 long, 52 wide
at apical part (n = 1). Rostellar hooks 10 in number, with
aploparaksoid-like shape (Figs. 2G,H, 4D); blade sickle-
shaped, slightly longer than guard; handle distinct but
very short; well-developed epiphyseal thickening compris-
ing base of hook from handle to tip of guard; total length
of hooks 24-26 (25, n = 12), length of blade 12-14 (13,
n = 12), length of base 18-19 (18, n = 12), handle 3-4
(4, n=12) and guard 9-11 (10, n = 12); distance between
handle-tip and guard-tip 9-11 (10, n = 12). Cysticercoid
with complete cercomer not available; maximum width of
fragments of cercomer 4561 (n =2).

Remarks. Judging by the aploparaksoid shape of ros-
tellar hooks, the cysticercoids described above resemble
species of Branchiopodataenia and Wardium. With a to-
tal length of hooks 24-26 pum and the presence of well-
developed epiphyseal thickening of the base of hook, the
cysticercoids from GSL differ from all Branchiopodatae-
nia spp. described by Bondarenko and Kontrimavichus
(2004a,b). Moreover, except for B. gvozdevi (Maksimova,
1988), which has large hooks, the remaining four spe-
cies of Branchiopodataenia have hooks less than 20 pm
long (Bondarenko and Kontrimavichus 2004a,b). None
of the species in this genus is known to possess epiphy-
seal thickenings of the rostellar hooks. Among all species
of Wardium, only a few are similar to our specimens in
terms of shape and size of rostellar hooks (Spasskaya 1966,
Bondarenko and Kontrimavichus 2006). They are mainly
parasites of Charadriiformes, rarely of Anseriformes. Our
specimens could not belong either to W. fryei Mayhew,
1925, a widespread parasite of gulls in the Holarctic, using
annelids as intermediate hosts (Bondarenko 1997), or to
W. aequabilis (Rudolphi, 1810), a parasite of Anseriformes
in the Palaearctic Region, using ostracods as intermediate
hosts (Jarecka 1960).

Several Wardium spp. have 22-30 um long rostellar
hooks, thus resembling cysticercoids from GSL but dif-
fering from them by the shape of the hooks. These are
W. amphitricha (Rudolphi, 1819), W. cirrosa (Krabbe,
1869), W. capellae (Baer, 1940) and W. longosacco (Joy-
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eux et Baer, 1939). The hooks of these species are without
epiphyseal thickenings, distinct handles and blades longer
than guards. A few species have rostellar hooks with epi-
physeal thickening and shape similar to that of the cyst-
icercoids from GSL but differing in hook length. These are
W. canarisi Kinsella et Deblock, 2000 (hooks 19-21 pm
long), W. chaunense Bondarenko et Kontrimavichus, 1977
(43-45 um) and W. porale (Meggitt, 1927) (22 um) (see
Bondarenko and Kontrimavichus 2006).

The rostellar hooks of the cysticercoids from GSL are
similar to those of W. neranium Belogurov et Zueva, 1967
and W. villosocirrus (Deblock et Rausch, 1967). So far,
W. neranium has been found in Pluvialis squatarola (Lin-
nacus) from the Russian Far East. It has rostellar hooks
25-30 pm long, with well-developed epiphyseal thicken-
ing of the handle and guard. However, the distance be-
tween the blade-tip and the guard-tip is smaller compared
to the hooks of the present material, i.e. 57 pm in W. ne-
ranium (see figs 129, 130 of Bondarenko and Kontrimavi-
chus 2006) vs 9—11 pum in the specimens from Utah.

Wardium villosocirrus from Limosa haemastica (Lin-
naecus) in Alaska (Deblock and Rausch 1967, Bondarenko
and Kontrimavichus 2006) has rostellar hooks 23-24 pm
long, with blade 12 um long and a guard almost as long as
blade. However, the shape of the hooks of W. villosocirrus
is different (see fig. 142 of Bondarenko and Kontrimavi-
chus 2006), with a straight blade or a blade slightly curved
away from the guard. In contrast, the hooks of the speci-
mens from GSL have a sickle-shaped blade, curved in di-
rection to the guard (Fig. 4D).

Previous studies on cestodes from charadriiforms in the
Nearctic have revealed 12 Wardium spp. (Table S2) but
none of them can be matched with the present materials.

Family Dilepididae Railliet et Henry, 1909

Fuhrmannolepis averini Spassky et Yurpalova, 1967
Figs. 3A,B, 4G,H

Specimens studied: ex Artemia franciscana, GSL Salt-
air Marina, September 2009, 1 cysticercoid, mounted in
Berlese’s medium together with the brine shrimp.

Description of cysticercoid: Monocysticercoid. Outer
capsule very thick, oval, brownish, with granular contents
(Fig. 3A), 291 x 277 (n = 1); when compressed, outer cap-
sule breaks down into cercomer fragments. Internal cyst
oval, 219 x 206 (n = 1) (Fig. 4G). Scolex almost conical,
109 x 125 (n = 1), with slightly protruded anterior part.
Suckers round, muscular, 45-61 (53, n = 4) in diameter.
Rostellum retractile, elongated, 97 x 25 (n = 1), with
muscular walls and apical enlargement. Rostellar sheath
deep, 107 x 44 (n = 1), passing beyond posterior margins
of suckers. Rostellar hooks 13 in number, wrench-shaped,
arranged in single crown (Figs. 3B, 4H). Each hook with
thin, almost straight blade, well-developed guard (shorter
than blade) and long straight handle (Fig. 4H); total length
of hooks 11-12 (12, n = 3), length of blade 4 (n = 3), length
of base 8 (n = 3), handle 7 (n = 3).

Remarks. The cysticercoids of the family Dilepididae
developing in brine shrimps belong to the monocysticer-
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coid type as defined by Chervy (2002). With the presence
of 13 wrench-shaped rostellar hooks, the cysticercoid found
in A. franciscana in Utah is most similar to Fuhrman-
nolepis averini, which is a parasite specific to phalaropes.
This species has been described from the red-necked pha-
larope Phalaropus lobatus (Linnaeus) (type-host) and the
red phalarope P. fulicarius (Linnaeus) in Kamchatka, Rus-
sia (Spassky and Yurpalova 1967).

Cysticercoids of F. averini have been recorded in Daph-
nia pulex Leydig (see Tomilovskaya 1975) and in Artemia
‘salina’ (see Maksimova 1977). The shape of the hooks de-
scribed by Tomilovskaya (1975) differs from that in adult
worm (Spassky and Yurpalova 1967, Spassky et al. 1968,
Maksimova 1977). Therefore, this record needs confirma-
tion. Adult F. averini from P. lobatus and cysticercoids from
brine shrimps from Kazakhstan were described in detail
by Maksimova (1977). She characterised the cysticercoid
as having a brownish outer capsule, 210 x 160 um; inter-
nal cyst 180 x 140 um; 16 wrench-shaped rostellar hooks
with total length 13—14 pm. Our results are in agreement
with Maksimova’s (1977) description in both morphology
and metrical data except for number of hooks (13 in the
present material and 16 reported from Kazakhstan). Previ-
ous records of adults of F. averini have demonstrated vari-
ations in the number of hooks between 12 and 14 (Spassky
et al. 1968, Spasskaya and Spassky 1978).

This is the first record of F. averini in the Nearctic. Its
presence in A. franciscana in GSL matches the high abun-
dance of Phalaropus lobatus and P. tricolor (Vieillot) at
this lake (Table S1).

Nematodes
Family Acuariidae Railliet, Henry et Sisoff, 1912

Acuariidae gen. sp. Figs. 3C-E, 4I-K

Specimens studied: ex Artemia franciscana, GSL, An-
telope Island Causeway, August 2009, ten larvae in tempo-
rary glycerol whole mounts.

Description of larvae (n = 10): Third-stage larvae
(Figs. 3C, 4I). Body 2.07-2.89 mm (2.28 mm) long, with
maximum width about mid-body, 72-98 (81). Anterior end
with 2 triangular pseudolabia, each bearing 1 pair of pa-
pillae (Figs. 3D, 4J). Cordons delicate, arise dorsally and
ventrally between pseudolabia, extending along outer (dor-
sal and ventral) side of cephalic papillae to level of 31-41
(36) from anterior extremity (Fig. 4J). Deirids spine-like,
5-6 long, situated at 70-93 (78) from anterior end. Lateral
alae extend from 3644 (39) to mid-tail (Fig. 4K). Excre-
tory pore at 151-204 (172) from anterior end. Tail 104-130
(114) long; width at anus 29-43 (34) (Figs. 3E, 4K). Buccal
cavity 71-93 (83) long, 6—7 wide. Muscular oesophagus
149-221 (185) long, 16-25 (17) wide. Glandular oesopha-
gus 576-968 (756) long, 40—70 (52) wide. Nerve-ring at
88-112 (101) from anterior end. Cuticle thickness 2. Dis-
tance between cuticular striations 3—4. Relative length (ra-
tio) of muscular and glandular oesophagus to body length
0.350-0.452 (0.411). Relative length of muscular oesopha-
gus to glandular oesophagus (ratio) 0.205-0.309 (0.248).
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Fig. 3. Fuhrmannolepis averini Spassky et Yurpalova, 1967 (A-B) and Acuariidae gen. sp. (C-E) from Artemia franciscana Kellogg,
Great Salt Lake, Utah, USA. A — monocysticercoid with outer capsule (formed by the cercomer) in the thorax of brine shrimp (tem-
porary glycerol mount); B — isolated cysticercoid, detail of rostellar apparatus; C — total view of nematode larvae (temporary glycerol
mount); D — anterior end with triangular pseudolabia; E — tail.

Remarks. These third-stage larvac were identified as
belonging to the subfamily Acuariinae Railliet, Henry et
Sisoff, 1912 (Spirurida: Acuariidae) on the basis of their
morphology characterised by an oesophagus divided into
muscular and glandular portions, lateral triangular pseu-
dolabia, elongate buccal cavity and cordons arising from
the bases of pseudolabia (Chabaud 1975, Anderson 2000).
These larvae cannot be identified to the generic level be-
cause their morphology does not resemble that of adults
and also because of the scarcity of previous studies. Larval
and adult stages of this family cannot be linked on the basis
of morphology only. Genera of the Acuariinae have been
differentiated on the basis of the morphology of adults,
which typically occupy the upper alimentary tract of birds
(Chabaud 1975). Nematode larvae with similar morphol-
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ogy, identified as Acuariinae gen. sp., have been found
in A. franciscana (see Georgiev et al. 2014) as well as in
A. parthenogenetica (diploid populations) and 4. salina
(unpublished data) in Spain.

Considering the bird species in the area and their po-
tential parasites of the Acuariinae, the nematode larvae
described here can be distinguished by their cordons ex-
tending along the outer (dorsal and ventral) sides of the ce-
phalic papillae from those of Cosmocephalus Molin, 1858,
parasitic in grebes and gulls (Mutafchiev et al. 2010), char-
acterised by cordons that do not extend beyond the level
of cephalic papillae (Wong and Anderson 1982); from Skr-
Jjabinocerca Shikhobalova, 1930, parasitic in plovers and
sandpipers (Wong and Anderson 1993), having cordons
extended along the inner (lateral) side of the cephalic pa-
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50 pm

50 um

Fig. 4. Helminth larvae from Artemia franciscana Kellogg, Great Salt Lake, Utah, USA. A —hooks of Confluaria podicipina (Szyman-
ski, 1905); B, C, E — Hymenolepis (sensu lato) californicus Young, 1950 (B — hooks of cysticercoid, C — hook of paratype specimen
from Larus californicus Lawrence, E — cysticercoid); D, F — hooks and cysticercoid of Wardium sp.; G, H — cysticercoid and hooks
of Fuhrmannolepis averini Spassky et Yurpalova, 1967; I-K — Acuariidae gen. sp. (I — total view; J — anterior end , note cordons (ar-

rows); K — tail).

pillae (Bartlett et al. 1989); from Skrjabinoclava Sobolev,
1943, parasitic in plovers, curlews, sandpipers and turn-
stones (Anderson and Wong 1992), having cordons anas-
tomosing posterior to the cephalic papillac (Wong et al.
1989); from Desportesius Chabaud et Campana, 1949,
mostly parasitic in herons (Wong and Anderson 1986);
and Skrjabinocara Kurashvili, 1940, parasitic in cormo-
rants (Smogorzhevskaya 1990), with larvae lacking cor-
dons (Chabaud 1950, Wong and Anderson 1987). On the
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basis of the species diversity and the abundance of poten-
tial definitive hosts at GSL (Table S1), it can be speculated
that the present larval nematodes may belong to the gen-
era Chevreuxia Seurat, 1918, parasitic mainly in stilts and
avocets (Smogorzhevskaya 1990), Decorataria Sobolev
in Skryabin, Shikhobalova et Sobolev, 1949, parasitic
in grebes (Mutafchiev and Georgiev 2008) or Echinuria
Soloviev, 1912, parasitic in grebes, gulls and ducks (Barus
etal. 1978, Smogorzhevskaya 1990). All these genera have
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Table 3. Spatial variations of helminth infections in Artemia franciscana from the Great Salt Lake. Differences between sites were
tested by Chi-squared (y?) or Fisher exact test (for prevalence) and Kruskal-Wallis test [K-W (H)] (for intensity and abundance).

Helminth infection SM Al AIC OB v K-W (H)
No. of Artemia individuals examined 693 545 713 536 - -
No. of Artemia individuals infected 229 228 387 167 - -
Cestodes (overall infection)

P% 32.6° 41.1° 51.3¢ 29.7° 77.928** -

MI + SE 1.71£0.10° 1.48 £ 0.06° 1.90 £ 0.07° 1.43 £ 0.06* - 23.151%*
Range of intensity 1-11 1-7 1-9 1-4 - -
MA + SE 0.56 £ 0.04° 0.61 +0.04° 0.98 +0.05¢ 0.42 +0.03* - 91.657**
Confluaria podicipina

P% 3178 40.6° 39.4° 27.4° 30.241%* -

MI + SE 1.72 +£0.10° 1.49 + 0.06° 1.97 £ 0.09* 1.44 £ 0.06° - 16.743%%*
MA + SE 0.55 £ 0.04° 0.60 £ 0.04° 0.78 £0.05° 0.39 +0.03* - 32.957%*
Hymenolepis (s. 1) californicus

P% 0.7* 0.6 19.2¢ 3.0 271.391%* -

MI + SE 1.00 1.00 1.05+0.02 1.00 - ns

MA + SE 0.01 £ 0.003* 0.01 +0.003* 0.20 +0.02¢ 0.03£0.01° - 271.611%%*
Wardium sp.

P% 0.3 0 0 0 ns -

MI + SE 1.00 0 0 0 - no test

MA + SE 0.003 +0.002 0 0 0 - ns
Fuhrmannolepis averini

P% 0.1 0 0 0 ns -

MI + SE 1.00 0 0 0 - no test

MA + SE 0.001 + 0.001 0 0 0 - ns
Acuariidae gen. sp.

P% 1.6° 170 8.4° 2.6° 60.083** -

MI + SE 1.00 1.00 1.05+0.03 1.00 - ns

Range of intensity 1 1 12 1 - -

MA + SE 0.02 + 0.005° 0.02 + 0.005* 0.09+0.01° 0.03 +£0.007° - 60.201**
Helminth parasites 397 341 760 241 - -

P% 33.0° 41.8 54.3¢ 31.2¢ 91.838** -

MI + SE 1.73 +£0.10° 1.50 +£0.06* 1.96 £0.07° 1.44 +0.05° - 32.679**

Range of intensity 1-11 1-7 1-9 1-4 - -

MA+ SE 0.57 £0.05° 0.63 £ 0.04° 1.07 £0.05¢ 0.45 +£0.03* - 112.012%*

Significant differences are shown; ** p < 0.001; ns — not-significant; no fest — test was not possible because the species was recorded in one site
only. Different superscript letters denote statistically significant differences after Bonferroni correction. P% — prevalence; MI + SE — mean intensity;
MA + SE — mean abundance; SM — Saltair Marina; AI — Antelope Island; AIC — Antelope Island Causeway; OB — Ogden Bay.

unknown or poorly studied life-cycles and undescribed (or
inadequately characterised) morphology of larval stages
(Skryabin et al. 1965, Anderson 2000).

Spatial and temporal variations of helminth
infections

The helminth community in brine shrimps at all sites
consisted mainly of cestodes (> 90%) and nematodes. Two
of the four cestode species, C. podicipina and H. (s. 1) cali-
fornicus, were recorded at all sites. The other two, Wardium
sp. and F. averini, were found only at SM and had a low RA
(0.5% and 0.2%, respectively). The grebe parasite C. podi-
cipina was the most prevalent and abundant cestode species
at all sites, with RA between 79.3% (at AIC) and 99.1% (at
Al) of the total number of cysticercoids.

Nematode infections had significantly higher P% and
MA at AIC (Table 3). There were no significant differences
for the MI of nematode larvae between sites.

For the overall cestode infections, P%, MI and MA var-
ied among sites, registering significantly highest values at
AIC and the lowest values at OB (Table 3). Prevalence of
the gull cestode H. (s. I.) californicus was the highest at
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AIC followed by OB and was lower than 1% at SM and Al,
no spatial variations in MI were found for this cestode. For
C. podicipina, P% was highest at Al and MI was higher at
AIC (Table 3).

Monthly differences in cestode and nematode infections
for each site were analysed separately (Table 4). Cysticer-
coids were recorded in all 12 samples while nematodes
were absent in the June sample at Al and the September
sample at AIC (Table 4). The temporal infection dynamics
within sites followed a common pattern, i.e. the variations
of the overall cestode infection followed the variations of
the most abundant species (C. podicipina). The highest P%
of cestodes was recorded in the last month studied at each
site (Table 4).

We observed differing seasonal trends of infection de-
scriptors. Two of the sites (Al and OB) were characterised
with the lowest values of P% and MA of C. podicipina and
the overall cestode infection at the middle of the sampling
period, i.e. in July (Table 4). At AIC, where samples were
collected between July and September, the minimum val-
ues of P% and MA of the overall cestode infection were in
August. SM was the only site exhibiting a trend of gradual
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Table 4. Temporal variations of helminth infections in Artemia franciscana Kellogg from Great Salt Lake. Differences between months
were tested with Chi-squared (%) or Fisher exact test (for prevalence) and Kruskal-Wallis [K-W (H)] (for intensity and abundance).

June July August September © K-W (H)
Saltair Marina - n =147 n =230 n=2316
C.p. P% - 7.5 37.0° 39.2° S1.011**
MI + SE - 1.55+£0.25%® 1.27+£0.07* 2.04+0.17° 15.570%*
MA £ SE - 0.12 +£0.04* 0.47 £0.05° 0.80 +0.09° 50.538%**
H. c. P% - 0 0.4 1.3 ns
MI + SE - 0 1.00 1.00 ns
MA £ SE - 0 0.004 +0.004 0.01 £0.01 ns
W. sp. P% - 0 0 0.6 ns
MI + SE - 0 0 1.00 no test
MA + SE - 0 0 0.006 = 0.004 ns
F a. P% - 0 0 0.3 ns
MI + SE - 0 0 1.00 no test
MA + SE - 0 0 0.003 £ 0.003 ns
Cest. P% - 7.5 37.0° 41.1° 54.669%*
MI £ SE - 1.55+£0.25® 1.28 £ 0.07* 2.00+£0.16° 12.722%
MA £ SE - 0.12 +£0.04* 0.47 £0.05° 0.82 £ 0.09° 54.422%%*
Nem. P% - 0.7 1.3 2.2 ns
MI + SE - 1.00 1.00 1.00 ns
MA £ SE - 0.01 £0.01 0.01 £0.01 0.02+0.01 ns
Antelope Island n=199 n=79 n=267 -
C.p. P% 34.7¢ 22.8¢ 50.2° - 23.480%*
MI £ SE 1.62+0.16 1.11 £0.08 1.47 £0.07 - ns
MA + SE 0.56 £ 0.08° 0.25 +0.06* 0.74 £ 0.06° - 25.379%*
H. c. P% 0.5 2.5 0 - ns
MI + SE 1.00 1.00 0 - ns
MA+SE  0.01+0.01® 0.03 £0.02* 0P - 7.137*
Cest. P% 35.2¢ 25.3¢ 50.2° - 20.123%*
MI + SE 1.61 +£0.15 1.10+0.07 1.47 £0.07 - ns
MA £ SE 0.57 +£0.08° 0.28 £ 0.06* 0.74 £ 0.06° - 22.395%%*
Nem. P% 0 2.5 2.6 - ns
MI + SE 0 1.00 1.00 - ns
MA £ SE 0 0.03 +£0.02 0.03+0.01 - ns
Antelope Island Causeway - n=355 n=132 n=226
C.p. P% - 33.5¢ 9.8 65.9¢ 120.024**
MI + SE - 1.29 +0.05* 1.31+0.13% 2.56 +£0.15° 49.343**
MA £ SE - 0.43 +0.04* 0.13 +£0.04° 1.69 £0.13¢ 148.381%*
H c. P% - 27.6* 29.5¢ o° 78.932%%*
MI + SE - 1.02+0.01* 1.13£0.05° 0 6.637*
MA + SE - 0.28 +£0.02° 0.33 £ 0.05° o° 78.813%%*
Cest. P% - 49.3¢ 31.8° 65.9¢ 39.985%*
MI = SE - 1.45+0.05° 1.45+£0.112 2.56+£0.15° 40.899**
MA + SE - 0.72 +£0.05° 0.46+£0.07° 1.69 £0.13¢ 63.324**
Nem. P% - 7.0 26.5° 0° 77.745%*
MI = SE - 1.04 +0.04 1.06 £0.04 0 ns
MA + SE - 0.07 +0.01° 0.28 +£0.04° 0° 77.713%%*
Ogden Bay n=159 n=134 n=243 -
C.p. P% 28.3¢ 15.7° 33.3¢ - 13.623*
MI + SE 1.44+0.10 1.43+0.15 1.43+£0.08 - ns
MA £ SE 0.41 £0.06° 0.22 +£0.05° 0.48 +0.05° - 13.145%*
H. c P% 0° 0° 6.6° - 20.104**
MI + SE 0 0 1.00 - no test
MA £ SE 0® 02 0.07 £0.02° - 19.849%*
Cest. P% 28.3¢ 15.7° 38.3¢ - 21.345%%*
MI + SE 1.44+£0.10 1.43+£0.15 1.42+£0.08 - ns
MA £ SE 0.41 £0.06* 0.22 +£0.05° 0.54 +0.05* - 20.267**
Nem. P% 0.6 22 4.1 - ns
MI + SE 1.00 1.00 1.00 - ns
MA £ SE 0.01 +0.01 0.02+0.01 0.04 £0.01 - ns

Significant differences are presented, * p < 0.05, ** p < 0.001; ns — not-significant; no test — test was not possible because the species was recorded in
one month only. Different superscript letters denote statistically significant differences after Bonferroni correction. n — number of studied specimens;
C. p. — Confluaria podicipina; H. ¢. — Hymenolepis (s. 1) californicus; W. sp. — Wardium sp.; F. a. — Fuhrmannolepis averini; Cest. — overall cestode
infection; Nem. — Acuariidae gen. sp.; P% — prevalence; MI + SE — mean intensity; MA = SE — mean abundance.
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increase in P% and MA of C. podicipina and the overall
cestode infection during entire sampling period. The low-
est MA of overall cestode infection at this site was detected
in July (Table 4) compared to August (Mann-Whitney test
U=12004, p =0.000) and September (Mann-Whitney test
U=15357.5, p=0.000).

The infection of the second most abundant tapeworm
species, H. (s. 1) californicus, did not demonstrate appar-
ent seasonal trends. No significant differences were detect-
ed for this species between months at SM and Al. At the
remaining two localities, there were significant temporal
differences in P% and MA (Table 4). At AIC, the highest
P% of this parasite was registered in August; in September,
we did not find any brine shrimp infected by this species;
MI of this parasite was significantly higher in August than
in July (Mann-Whitney test U= 1705, p = 0.010). At OB,
cysticercoids of H. (s. I.) californicus were found in August
only.

Concerning the dynamics of nematodes, we detected
significant differences in P% and MA at AIC, being the
highest in August (Table 4).

DISCUSSION

Species composition of helminth larvae

Our results demonstrate that Artemia franciscana par-
ticipates in the life cycles of at least five helminth species
at GSL. These include cestodes parasitic in grebes, pha-
laropes and gulls, an unidentified cestode which might be
a parasite of charadriiform hosts and an unidentified ac-
uariid nematode species.

Previous studies in Europe have revealed that the preva-
lence of avian cestodes in brine shrimps may depend on the
seasonal presence of definitive hosts at certain hypersaline
wetlands (Georgiev et al. 2005, 2014, Sanchez et al. 2013).
GSL is the most significant saline ecosystem in North
America and has been classified as a Western Hemispheric
Shorebird Reserve due to its great importance for migra-
tory shorebirds (Andres et al. 2006, Caudell and Conover
20006). Around 5 million birds, representing ca 250 species,
use GSL annually. The second largest staging population
of the eared grebe (Podiceps nigricollis) in North America
(1.4 million) is recorded in the lake and its diet largely con-
sists of brine shrimps (Paul and Manning 2002, Caudell
and Conover 2006). In addition, California gull, Wilson’s
phalarope (Phalaropus tricolor), red-necked phalarope,
American avocet [Recurvirostra americana (Gmelin)],
black-necked Stilts [Himantopus mexicanus (Miiller)],
marbled godwit [Limosa fedoa (Linnaeus)] and snowy
plover (Charadrius alexandrinus Linnaeus) are abundant
in this lake (Paul and Manning 2002).

A survey of avian communities of GSL was carried out
during the period April 2008—September 2011. The bird
community at our sampling sites and adjacent areas con-
sisted of 33 species, many of them in substantial numbers
(Table S1). The most abundant birds such as eared grebes,
shorebirds and gulls, were numerous throughout the year
at all surveyed sites. These data correspond to the spe-
cies composition of helminth parasites in A. franciscana.
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Whereas C. podicipina and H. (s. 1) californicus were
abundant, the remaining two cestode species, probably
parasitic in charadriiform birds, had low infection rates.
The low prevalence of parasites of charadriiform birds
might be explained by the fact that three of the sampling
areas (OB, SM and Al) were rather deep-water sites unsuit-
able for waders. With the great variety and abundance of
shorebirds inhabiting GSL, it can be expected that 4. fran-
ciscana plays a role as intermediate host for further cestode
species, especially these parasitic in waders (Charadrii-
formes) in shallow waters.

Spatial and temporal variations in parasite infections
and bird abundance

In GSL, brine shrimps generally hatch from overwinter-
ing cysts in March—April and largely disappear in Decem-
ber at water temperature <4 °C (Belovsky et al. 2011). The
present study revealed variations in P% and MA of three
species, which strongly influenced temporal and spatial
variations of the overall parasite infection in 4. franciscana
from GSL. These species were C. podicipina, H. (s. l.) cali-
fornicus and larvae of acuariid nematodes. The adjacent
sites Al and AIC are characterised with highest parameters
of overall parasite infection (Table 3). The most diverse
and abundant bird community (33 species in high counts)
during the period April-September has been registered at
this region (Table S1). The northern part of Al and the as-
sociated causeway offer habitats varying from rocky shore-
lines and dikes to open waters. They are suitable places for
grebes using open waters as well as gulls and shorebirds
using shorelines.

Confluaria podicipina was the most prevalent and abun-
dant cestode species in all the sites examined that corre-
sponds to the bird host numbers (Table S1). Eared grebes
utilise GSL primarily as a fall staging area but thousands
of them also use open waters of the lake in summer. The
ornithological survey showed consistently high counts of
grebes at Al and AIC throughout the sampling period. For
OB, the survey presented low counts of grebes, which might
be due to the methodology (observations from airboats).
However, a previous waterbird survey in 1997-2001 (Paul
and Manning 2002) reported airplane observations of OB
detecting higher counts (mean 85 164 grebes, with a peak
of 149 604 birds).

Previous studies in Spain demonstrated that infection
levels with the grebe specialist C. podicipina in the diploid
population of 4. parthenogenetica at Odiel Marshes posi-
tively correlate with the number of their definitive hosts
(Sanchez et al. 2013). The high abundance of the eared
grebes at GSL suggests that our results on the substantial
infection rates of C. podicipina were to be expected.

Confluaria podicipina showed a distinct seasonal pat-
tern, with the prevalence and abundance varying signifi-
cantly among months at all sites. However, monthly counts
of P. nigricollis at individual sampling sites were not in
agreement with the seasonal changes of C. podicipina in
brine shrimps. Seasonal variations seem to be partly deter-
mined by the abundance of the final host, the eared grebes,
which arrive in large number in GSL in autumn and early

Page 12 of 16



doi: 10.14411/p.2015.030

winter to moult. This could explain the gradual increase of
the parameters of infection with C. podicipina during the
sampling period (June—September) as a general pattern ob-
served at SM, an open water area with shallow shorelines
and beaches. However, the remaining sampling sites are
characterised with a different model of temporal variations,
where the lowest infection rates with C. podicipina were at
the middle of the sampling period (Table 4). The survey
of aquatic birds showed that OB, Farmington Bay and the
region around the east coast of Al and its causeway are the
locations with the highest density of the grebe population
(Paul and Manning 2002). The mean annual counts of the
eared grebes at OB were 19-90% of the total population of
this bird at the lake. During periods of high bird density, it
is possible that grebes could selectively remove infected
shrimps, as demonstrated for sandpipers (Sanchez et al.
2009b). The high bird density could affect the transmis-
sion of the parasite leading to a reduction in its prevalence
and abundance in a certain period (Sanchez et al. 2013).
Currently, our result cannot reveal the exact mechanism
explaining the observed temporal dynamics of the cestode
infection, as much longer period of sampling and more ac-
curate monthly census of aquatic birds are needed.

In the case of H. (s. L) californicus, the present study
demonstrates spatial variations with significantly higher
prevalence and abundance at AIC and OB. In general,
these results correspond with data from the bird survey
showing the highest counts of the final hosts Larus cali-
fornicus and L. delawarensis at these sites during summer
and fall (Table S1). In August and September, California
gulls are found exploiting large numbers of brine flies and
brine shrimps in open water and shoreline areas (Green-
halgh 1952, Paul and Manning 2002). In the same time, our
results record significant temporal variations of prevalence
and abundance of H. (s. [.) californicus at AIC, with the
highest values in July—August. Despite the slight increase
in counts of gulls from June to September, we cannot con-
firm that monthly counts of gulls are in agreement with the
dynamics of infection. Moreover, the single day counts of
L. californicus and L. delawarensis in September are very
high (more than 3000 birds) and no single brine shrimp
infected with H. (s. [.) californicus has been found at this
site in September. At OB, cysticercoids of H. (s. I.) califor-
nicus were found in brine shrimps only in August, despite
the high number of gulls at this site in July.

As for the nematode infections, the present study shows
that 4. franciscana can act as intermediate hosts of acuariid
nematodes in its native range and provides information of
the infection dynamics. The spatial variations in the preva-
lence and abundance of nematodes were significant, with
highest values at AIC (Table 3) and highest prevalence and
abundance in August at AIC (Table 4). However, we can-
not link the results with the dynamics of a certain avian
species or group.

Helminth infections in native vs introduced
populations of A. fianciscana

Until now, 18 cestode species have been reported to use
species of Artemia as intermediate host (Table S3). The
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comparison of the cestode infections among the native
GSL population of 4. franciscana, its introduced popula-
tions in the Mediterranean and the native populations of
A. parthenogenetica (diploid form) and A. salina in the
Palacarctic Region reveals substantial differences in the
species composition of cestodes. Until now, 4. partheno-
genetica (diploid populations) and A. salina are known to
serve as intermediate hosts for 12 and 15 cestode species,
respectively. In contrast, only four species occur in the na-
tive population of 4. franciscana in Utah, with two of them
reported also in the Palaearctic Region (C. podicipina and
F averini). These differences can be explained by the pres-
ence and abundance of birds predating on brine shrimps at
a certain locality. Seven out of 18 cestode species recorded
in Artemia spp. (39%) are specific parasites of flamingos,
an avian group which does not occur at GSL. At the same
time, C. podicipina is the most prevalent species in 4. fran-
ciscana in Utah. The present study reveals an interesting
phenomenon. Despite the Holarctic distribution of C. podi-
cipina (Vasileva et al. 2000), this cestode has not been
found in introduced populations of 4. franciscana in Eu-
rope. However, C. podicipina has been recorded in the two
native European species of Artemia and the present study
demonstrates that 4. franciscana is a susceptible interme-
diate host of this species. The habitats in Spain, France or
Portugal where previous studies on introduced populations
of A. franciscana have been carried out (Georgiev et al.
2007, 2014, Vasileva et al. 2009, Sanchez et al. 2012b) are
shallow salt ponds, where no grebes or a few grebe indi-
viduals have been recorded.

H. (s. L) californicus is a parasite of Nearctic gulls and,
therefore, does not occur in 4. franciscana from its inva-
sive range in the Palaearctic Region. However, in its in-
vasive habitats, A. franciscana participates (although with
low infection rates) in the circulation of at least nine ces-
todes parasitic in other groups of aquatic birds that do not
occur in its native geographical range, e.g. flamingos and
shelducks (Table S3), despite the lack of long-term co-ev-
olutionary processes between the American brine shrimps
and the Palaearctic cestode parasites. Having in mind the
high abundance of charadriiform birds at GSL and the nu-
merous records of cestodes using them as definitive hosts
(Table S2), it can be expected that further cestode species
occur in A. franciscana in its native habitats in America.

The overall cestode infection in the native population
of A. franciscana in GSL is much higher than in the in-
troduced populations of the same host in the Palacarc-
tic Region (Table 5). The prevalence and abundance of
C. podicipina in A. franciscana is particularly high. The
comparison of these results with the infection rates in the
same host in its invasive habitats in Europe (Georgiev et al.
2007, 2014, Sanchez et al. 2012b) is in agreement with the
hypothesis that 4. franciscana has a lower susceptibility to
the Palaecarctic cestode parasites than to cestode parasites
in its native range. From another point of view, the values
of the infection descriptors in the native A. franciscana in
GSL are comparable to those of native populations of the
Palacarctic brine shrimps (Table 5). It seems that the differ-
ences in the parasite susceptibility of Artemia spp. and the
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Table 5. Comparison of infective descriptors with cysticercoids between populations of brine shrimps Artemia parthenogenetica
(4. p.), A. salina (A. s.) and native and invasive populations of 4. franciscana (4. f.).

Brine Total (cysticercoids) Confluaria podicipina

shrimp  Locality (country) References

species P% MI + SE MA £ SE P% MI + SE MA + SE

A. p. Odiel (Spain) 268 1.71+1.28 0.44+0.99 6.5 142+0.82 0.09+0.40 Georgiev et al. (2005)
A. p. Odiel (Spain) 47.0 3.62+0.38 1.70+0.22 20 1.25+£025 0.02+0.01 Georgiev et al. (2007)
A p SNSR, Sanltcar, (Spain) 69.0 2.04+0.10 1.40+0.10 - - - Georgiev et al. (2007)
A p SP, Sanlucar, (Spain) 89.0 1.97+0.08 1.80+0.08 - - - Georgiev et al. (2007)
A p Summer, Aigues Mortes (France) 70.9 1.97+0.08 1.40+0.08 - - - Sanchez et al. (2012a)
A p Winter, Aigues Mortes (France)  66.7 2.33+0.72  1.46+0.60 - - - Séanchez et al. (2012a)
A s. Almeria (Spain) 83.0 299+0.14 248+0.14 6.0 1.15+£0.10 0.07+£0.02 Georgiev et al. (2007)
A f Castro Marim (Portugal) 9.0 1.09+0.09 0.10+0.02 - - - Georgiev et al. (2007)
A f SLA, Puerto Real (Spain) 243 1.12+0.08 0.27+0.10 - - - Georgiev et al. (2007)
A f SSB, Puerto Real (Spain) 20 140+£040 0.03£0.02 - - - Georgiev et al. (2007)
A f Summer, Aigues Mortes (France) 1.5 1.00+0.00 0.02 +0.01 - - - Sanchez et al. (2012a)
A f Winter, Aigues Mortes (France) 0.7 1.11 0.01 +0.005 - - - Sanchez et al. (2012a)
A f La Tapa (Spain) 59 1.16+£0.07 0.07+0.01 - - - Georgiev et al. (2014)
A f GSL, Utah (USA) 392 1.68+0.04 0.66+0.02 349 1.69+0.04 0.59+0.02 Present study

GSL — Great Salt Lake; SNSR — Salinas Nuestra Sefiora del Rocio; SP — Salinas Portuguesas; SLA — Salinas Las Animas; SSB —Salinas Santa Barbara;
P% — prevalence; MI = SE — mean intensity; MA + SE — mean abundance.

different infection rates between the native and introduced
populations of A. franciscana depend on the evolutionary
time needed for co-adaptation and establishment of host-
parasite associations. If this assumption is correct, then
the infections will increase over time as native cestodes
become adapted to their newly-acquired invasive hosts
(Georgiev et al. 2007).

In conclusion, the results of this first study on the para-
site infection of native populations of American brine
shrimps revealed that A. franciscana participates in the
life cycles of helminths of aquatic birds in its native habi-
tats. The species composition of helminth parasites and the
spatial variations in their prevalence and abundance may
reflect the abundance and distribution of aquatic birds serv-
ing as definitive hosts.

The population of A. franciscana from GSL is char-
acterised by high prevalence, intensity and abundance of
the overall cestode infection in contrast to the introduced
populations of this species in the Palaearctic Region. At the
same time, the values of the infective descriptors in native
populations of 4. franciscana are slightly lower or in some
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