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A B S T R A C T   

Australapatemon spp. are cosmopolitan trematodes that infect freshwater snails, aquatic leeches, and birds. 
Despite their broad geographic distribution, relatively little is known about interactions between Austral
apatemon spp. and their leech hosts, particularly under experimental conditions and in natural settings. We used 
experimental exposures to determine how Australapatemon burti cercariae dosage (number administered to leech 
hosts, Erpobdella microstoma) affected infection success (fraction to encyst as metacercariae), infection abun
dance, host survival, and host size over the 100 days following exposure. Interestingly, infection success was 
strongly density-dependent, such that there were no differences in metacercariae load even among hosts exposed 
to a 30-fold difference in cercariae. This relationship suggests that local processes (e.g., resource availability, 
interference competition, or host defenses) may play a strong role in parasite transmission. Our results also 
indicated that metacercariae did not become evident until ~4 weeks post exposure, with average load climbing 
until approximately 13 weeks. There was no evidence of metacercariae death or clearance over the census 
period. Parasite exposure had no detectable effects on leech size or survival, even with nearly 1,000 cercariae. 
Complementary surveys of leeches in California revealed that 11 of 14 ponds supported infection by A. burti 
(based on morphology and molecular sequencing), with an average prevalence of 32% and similar metacercariae 
intensity as in our experimental exposures. The extended development time and extreme density dependence of 
A. burti has implications for studying naturally occurring host populations, for which detected infections may 
represent only a fraction of cercariae to which animals have been exposed. Future investigation of these un
derlying mechanisms would be benefical in understanding host-parasite relationships.   

1. Introduction 

In digenetic trematodes, infection of the second intermediate host 
can be affected by host immunity, intra- and interspecific interactions 
among parasites, and abiotic factors (Désilets et al., 2015 and references 
therein). Understanding whether and how such factors structure para
site populations is a daunting task that may not generalize across host 
taxa or the diverse range of transmission and encystment strategies 
employed by digeneans. Among digenean-intermediate host systems 
that remain poorly studied are those in which metacercariae are formed 
in leeches, such as members of the genus Australapatemon. Austral
apatemon is a genus of digenetic trematodes distributed widely 

throughout North and South America, Europe, Australia, and Africa. It 
commonly infects birds in the family Anatidae, which includes ducks, 
geese, and swans (Jones et al., 2005; Davies and Ostrowsk de Núñez, 
2012). Sudarikov (1959) created Australapatemon to accommodate a 
species of Apatemon described by Johnston (1904), but Dubois and 
Pearson (1965) considered Australapatemon a subgenus of Apatemon 
(Dubois, 1953, 1968). Yamaguti (1971) and later authors recognized as 
a distinct genus (see also Niewiadomska, 2002) – a classification that has 
been subsequently supported with genomic data (summarized in Blas
co-Costa et al., 2016; Gordy et al., 2017; Hernández-Mena et al., 2014). 
Australapatemon has a well-defined genital cone and ridged herma
phoroditic duct as an adult (Niewiadomska, 2002) and uses leeches as 
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second intermediate hosts, whereas Apatemon uses fishes and the 
smooth hermaphoroditic duct of the adult lies within a less defined 
genital cone (Blasco-Costa et al., 2016). At present, 10 species of Aus
tralapatemon are recognized: A. niewiadonmski, A. answeris, A. burti, 
A. minor, A. bdellocystis, A. canadensis, A. congolensis, A. fuhramanni, 
A. intermedius, A. mclaughlini, and A. magnacetabulum (Gordy et al., 
2017). 

The life cycles of species in the genus Australapatemon generally 
involve freshwater snails, aquatic leeches, and birds (Faltýnková et al., 
2007; Karvonen et al., 2017; Stunkard et al., 1941; Willey and Rabino
witz, 1938). Miller (1923, 1927) described Cercaria burti (now Austral
apatemon burti) from Helisoma (previously Planorbis) trivolvis; the same 
type of cercariae were detected by Cort and Brooks (1928) in the same 
part of northern Michigan in both H. trivolvis and Lymnaea humilis 
(previously Lymnaea humilis modicella). Subsequent studies have 
consistently reported trematodes in this genus to be relative generalists 
in their use of snail first intermediate hosts, in contrast to many trem
atodes (Aksenova et al., 2016; Gordy et al., 2017; Schell, 1985). For 
instance, Australapatemon burti has been detected from at least 11 
different snail species in Europe, Canada, and the United States (Akse
nova et al., 2016; Gordy et al., 2017). Furcocercous cercariae (forked 
tail) are released from infected snails and invade the tissue of freshwater 
leeches (Niewiadomska, 2002; Stunkard et al., 1941). Ultimately, 
infected leeches are ingested by definitive bird hosts (Anatidae), 
wherein metacercariae develop into adults and pass eggs into the host 
feces 14 days post-infection (Drago and Lunaschi, 2016; Faltýnková 
et al., 2007; Stunkard et al., 1941). 

Leeches offer a useful experimental system in which to examine in
teractions between infectious cercariae and their second intermediate 
hosts (Karvonen et al., 2017; McCarthy, 1990; Stunkard et al., 1941). 
Beginning with detailed studies of the life cycle of Australapatemon burti 
in the 1940s, Stunkard (1941) showed that cercariae passively contact 
leech hosts in the water column, penetrate the host tegument, and 
subsequently develop into metacercariae within the vascular system. 
Leech species also vary considerably in susceptibility. For instance, 
Karvonen et al. (2017) experimentally exposed two species of European 
leeches (Erpobdella octoculata and Helobdella stagnalis) to 30 cercariae of 
Australapatemon sp. After 35 days, E. octoculata was both more likely to 
be infected than H. stagnalis (80% prevalence vs. 20%) and supported 
2.5× more metacercariae per infected host. Experimental studies have 
further revealed that the metacercariae of Australapatemon spp. often 
have an extended, within-host development period before they are 
readily detectable and/or infectious to subsequent hosts. By pressing a 
leech between two glass microscope slides, the number of metacercariae 
per host can be quantified non-lethally and thus tracked in the same 
individual host through time (Choo, 2009; Davies and Ostrowsk de 
Núñez, 2012; Iles, 1959; Karvonen et al., 2017). This approach indicates 
that metacercariae within leeches typically require between 25 and 42 
days to develop completely, frequently with little evidence of infection 
prior to 25 days (e.g. Choo, 2009; Karvonen et al., 2017; Stunkard et al., 
1941). In the exposures conducted by Karvonen et al. (2017), 25% of 
metacercariae were visible after 32 days, 90% after 42 days, and 100% 
after 56 days (the last census performed). Although variation in leech 
host susceptibility to Australapatemon spp. has been explored, less 
research has been devoted to understanding how exposure dosage and 
time post-exposure interact to determine observed infection load, 
especially for parasites from western North America. 

The current study aims to extend and deepen experimental research 
on interactions between Australapatemon burti and its leech intermediate 
host (Erpobdella microstoma). Specifically, we used multi-dose experi
mental exposures to (1) determine how cercarial infection success (%) 
and the resulting abundance of metacercariae in leech hosts varied with 
dosage (4 dosages), (2) evaluate the consequences of varying cercarial 
exposure for leech survival and body size, and to (3) understand fine- 
scale temporal variation in developing metacercariae (weekly observa
tions of each host over 15 weeks), including when the observed load per 

host asymptotes or saturates. By taking advantage of non-lethal methods 
to assess infections through time on individual hosts, we quantified how 
the metacercarial accumulation varied both by time and by cercarial 
exposure dosage. Our experimental assays were complemented with 
field-based surveys to characterize patterns of infection (prevalence and 
intensity) within leeches from California ponds, and to compare these 
values with those documented experimentally. Understanding how 
exposure dosage and time interact to shape infection and pathology in 
intermediate hosts is an essential challenge for evaluating parasite 
transmission in natural systems. 

2. Materials and methods 

2.1. Study area and field collections 

During the summer of 2017 (May 22nd through July 11th), we 
opportunistically sampled 14 ponds in the East Bay region of California 
within Contra Costa, Alameda, and Santa Clara counties. Ponds were 
selected from within parks or other land-owning agencies (East Bay 
Regional Parks District, University of California Reserve System, Santa 
Clara County Parks, and Easy Bay Municipal Utility District [see 
Table 1). At each location, a haphazard subset of E. microstoma was 
collected for dissection (range 1–50 depending on availability, mean =
17, SE = 4.31). Leeches were collected during standardized dipnet 
sweeps (D-frame with 900 μm mesh) through the littoral vegetation and 
substrate approximately every 10–20 m around the perimeter of the 
pond. Contents of each dipnet were examined for leeches and any 
collected samples were subsequently stored on ice before being exam
ined in the laboratory. In the laboratory, leeches were nonlethally 
examined by gently pressing them between the top and bottom of a 
gridded Petri dish under an Olympus SZX10 stereomicroscope (range in 
magnifications from 40× to 60×). If Australapatemon spp. metacercariae 
were present, the number and position of infection in the body of the 
leech were noted. Leech size (length and width) was measured using 
digital calipers while under consistent pressure of a gridded Petri dish. 
Leeches were heat-killed with 100 ◦C boiling water. Voucher specimens 
were identified according to the keys of Klemm (1982) and Moser et al., 
(2006) and deposited in the Smithsonian Institution, National Museum 
of Natural History, Washington, D.C. (USNM 1618945–1618947). 

To assess Australapatemon spp. infection in first intermediate snail 
hosts, we collected ~100 (mean = 146) snails from the same 14 ponds 
using standardized dipnet sweeps as described above. Snails were 
identified as Helisoma trivolvis based on characteristics outlined by Burch 
(1982): “shell spire (left side) strongly inverted, with a more or less deep 
conical depression, and spire side of body whorl with or without a strong 
keel”. Additional genetic analyses from samples in this area suggest they 
are all consistent with Helisoma (Planorbella) trivolvis (Martin et al., 
2020). We measured apex to rim of the outer rim of aperture and 
dissected each snail and identified parasitic infections using cercaria 
morphology (Schell, 1985). Specifically, snails were gently cracked and 
tissues teased apart from the shell with forceps. The internal organs and 
gonads were examined for rediae, sporcoysts, and mature cercariae. 
Heavy parasite infections were vouchered in 95% ethanol for molecular 
analysis (see below for details). 

2.2. Experimental exposure studies 

We conducted experimental exposure trials to determine the sus
ceptibility of E. microstoma to cercariae of Australapatemon sp. as a 
function of exposure dosage and time post-exposure. We collected 
leeches (n = 50) from a pond at Vargas Plateau Regional Preserve in 
which no infection was detected among previously examined leeches 
and suitable snails were lacking. All collected individuals were also 
assessed nonlethally for metacercariae (using the method above) before 
use in the experiment. Leeches were individually housed in plastic 
containers with 325 ml of treated water (UV-sterilized, carbon-filtered, 
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dechlorinated tapwater; hereafter referred to as “treated water”) at 24 
◦C. Exposed and control leeches were fed laboratory-raised brine shrimp 
and had water changes weekly. Australapatemon sp. cercariae were 
harvested from infected Helisoma trivolvis snails collected from three 
ponds in the same study area. In brief, snails were isolated into 50 ml 
vials filled with 50 ml of treated water and examined for cercariae every 
6 h over a 24 h period. Cercariae were identified based on morphological 
characteristics (e.g. forked tail) (Schell, 1985), for which a subsample 
were verified by genetic analysis (see molecular analysis below). Ex
posures occurred at 22 ◦C temperature and 12:12 h light:dark cycle. 

For experimental exposures, 2 to 4 h old cercariae from Austral
apatemon sp. infected snails were pooled from among snails and sites 
(nine snails collected from three ponds) and aliquoted into one of four 
dosages: control (no cercariae [12 ml of treated water only], n = 20 
replicate leeches), low dosage (39 cercariae; n = 10), medium dosage 
(170 cercariae; n = 10), and high dosage (947 cercariae, n = 10). 
Leeches were exposed at same time and maintained individually (i.e., no 
grouped housing). Dosages were determined by using a metered pipette 
to add 1 ml aliquots from the pooled cercariae suspension into conical 
tubes, for which each ml contained approximately 39 cercariae (±1 SE 
= 0.54). Dosages were determined by overall yield of cercariae collected 
and with the aim of generating broad variation in exposure. Three extra 
replicate aliquots were used to quantify cercarial quantities. Leeches 
were exposed individually in 250 ml containers with 12 ml of treated 
water. Eight hours post-exposure, we increased the volume to 100 ml; 
after 24 h, leeches were transferred into individual plastic containers 
with 325 ml of treated water and a rock for shelter. Collection of 
cercariae and exposure of leeches were performed identically across all 
doses. Water changes occurred weekly and leeches were fed brine 
shrimp daily. 

Leeches were examined weekly for 15 weeks (105 days) by isolating 
individual leeches between the two sides of a gridded plastic Petri dish 
and gently applying pressure under a stereomicroscope with substage 
lighting to quantify metacercariae (Choo, 2009; Davies and Ostrowsk de 
Núñez, 2012; Karvonen et al., 2017). To validate this approach, counts 
of metacercariae were repeated twice per leech to assess consistency 
(mean = 2.3 counts per host). At 15 weeks, leeches were euthanized 
(using methods described above), measured to nearest mm (length and 
width), massed after blotting dry (wet mass), and final metacercariae 
counts were assessed using methods described above. 

2.3. Genetic analysis 

Genetic analysis was conducted on six cercariae samples from two 
snails collected at two ponds (three replicates per snail, containing 1–8 

cercariae per sample), for which vouchers were deposited at the 
Museum of Southwestern Biology (Para:31,183 and MSB:Para:31,184). 
DNA extraction, amplification, and sequencing of the barcode region of 
the mitochondrial cytochrome c oxidase 1 (CO1) gene were performed 
using the protocols and degenerate Mplat primers of Moszczynska et al. 
(2009). The resulting six sequences were aligned with data from Aus
tralapatemon spp. from Hernández-Mena et al. (2014), Blasco-Costa et al. 
(2016) and Gordy et al. (2016, 2017) using Multiple Sequence Com
parison by Log-Expectation (MUSCLE) (Edgar, 2004) in Geneious 
v.10.05 (Kearse et al., 2012). Similarity of all sequences across all nu
cleotides was represented in a neighbor-joining (NJ) phenogram. To 
assess monophyly of the NJ clusters, Bayesian (Huelsenbeck and Ron
quist, 2001) and Maximum Likelihood (ML) (Stamatakis, 2014) analyses 
were conducted on an alignment of non-redundant CO1 sequences 
stripped of columns with gaps, using models of nucleotide evolution 
estimated with Bayesian Information Criterion in MEGA X (Kumar et al., 
2018), or their nearest approximation. All codon positions in the 
alignment were used in ML and Bayesian analyses because of lack of 
evidence of nucleotide saturation (Iss < Iss.c, P = 0, Xia and Lemey, 
2009; Xia et al., 2003). 

2.4. Statistical analysis 

Analytically, our goals were to assess how exposure to varying dos
ages of A. burti cercariae influenced the survival, growth, and observed 
number of metacercariae within leeches. We modeled the number of 
metacercariae per leech as an overdispersed Poisson distribution with a 
log-link using the lme4 package in R (Bates et al., 2015). As fixed effects, 
we included exposure dosage (0, 39, 170, 947) and time-post-exposure 
(days), with random intercept terms for leech identity (given the 
repeated observations per individual over 15 weeks) and an 
observation-level random effect to account for overdispersion. Numeric 
predictors were scaled and centered prior to inclusion in models. Leech 
hosts that died prior to the final observation date (n = 4) were omitted. 
Because we expected the influence of time to be nonlinear, showing 
saturation patterns beyond some date, we also ran a quadratic model 
with both time and time2 as fixed effects. 

To evaluate (a) whether the number of metacercariae per host 
differed among exposure treatments (omitting unexposed controls, all of 
which were uninfected), and (b) whether cercarial infection success per 
host differed by exposure treatments, we selected the final infection load 
per surviving leech on day 105 (week 15) as the response variable. We 
used an offset term representing the log of the number of cercariae 
added to convert infection load into a rate (i.e., infection success). This 
model included a fixed effect for exposure dosage and an observation- 

Table 1 
Patterns of Australapatemon sp. infection from ponds sampled in the Bay Area region of California. Presented for each site is the number of examined leeches (Erpobdella 
microstoma) with visible infection/number dissected, with the prevalence of infection as a percentage. The average number of metacercariae per host (including zeroes) 
is listed as the infection load. Similarly, for dissected snails (Helisoma trivolvis), we show the number of snails with putative infections (based on the presence of 
sporocysts bearing strigeid-type cercariae) relative to the number dissected, and the prevalence as a percentage. Two sites did not support any H. trivolvis snails. 
Molecular sequencing helped validate the observed parasites as a species of Australapatemon (see manuscript for details).  

Site Latitude Longitude Leeches infected Leech prevalence Infection load Snails infected Snail prevalence 

CA-MUD66 37.92147 −122.2269 0/1 0 0 0/99 0 
CA-MUD67 37.92211 −122.2181 0/1 0 0 0/100 0 
GDPND004 37.61184 −122.0044 20/24 83.3 3.79 7/65 10.77 
GDPND005 37.62254 −122.0002 1/19 5.26 0.11 0/97 0 
PRNTH1 37.67092 −121.9563 2/16 12.5 0.13 0/323 0 
PRNTHIDK 37.65212 −121.9519 29/49 59.2 4.00 8/202 3.96 
PRNTHOWL 37.65944 −121.9600 2/22 9.09 0.14 1/250 0.40 
PRPND010 37.64721 −121.9193 0/1 0 0 3/330 0.91 
CA-SF19 37.29215 −121.7063 2/11 18.2 1.27 0/11 0 
SF26 37.27889 −121.6981 10/20 50.0 1.80 0/100 0 
TGIF 37.63630 −121.9131 0/5 0 0 1/248 0.40 
VPPND005 37.58979 −121.9444 8/9 88.9 5.67 0/33 0 
PRPND001 37.59859 −121.8884 0/4 0 0 0 n/a 
VPPND004 37.57819 −121.9493 0/50 0 0 0 n/a  
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level random intercept term, but without any influence of time or 
repeated observations per host (implemented in lme4 as described 
above). The effects of exposure dosage on leech survival and leech size 
(after log10-transformation) were tested using a binomial generalized 
linear model and a Gaussian linear model, respectively. 

3. Results 

3.1. Field collections 

In total, 31.9% (74 of 232, 95% CI = 25.9–38.3%) of field-collected 
leeches (E. microstoma) were infected with metacerariae of Austral
apatemon sp. This included individuals from eight of the 14 sampled 
ponds; among ponds with at least 10 leeches dissected (n = 8), all but 
one exhibited evidence of infection. Four ponds supported an infection 
prevalence of 50% or higher (range: 50–88.9%; Table 1). For sites with 
at least one infected leech, the average infection load (including unin
fected hosts) was 1.69 ± 0.66 (n = 8 ponds and 170 leeches), with a 
range of 0.11–5.7 metacercariae per leech. For individual leeches, 
infection intensity ranged from 1 to 22 (mean ± 1 SE = 5.34 ± 0.41; n =
74). Metacercariae were of the tetracotyle morphotype with a round or 
oval shape (Fig. 1). The cyst wall consisted of a thick outer wall and thin 
inner wall. Also distinguishable were a distinct forebody and hindbody 
as well as a holdfast organ, aligning well with previous morphological 
descriptions of the genus Australapatemon (Stunkard et al., 1941). 
Consistent with previous research, metacercariae were found in the 
parenchyma and musculature throughout the leech (Karvonen et al., 
2017; Stunkard et al., 1941). In heavy infections, localized hemor
rhaging was visible. 

We also dissected 1,858 Helisoma trivolvis from 12 ponds (methods 
described above). Two examined ponds did not support any Helisoma 
spp., and did not exhibit A. burti infection in examined leeches. Snails 
infected with a strigeid trematode consistent in morphology to Austral
apatemon sp. from the description by Dubois (1968) were detected in 20 
H. trivolvis. Forked-tail cercariae without eyespots or finfolds were 
associated with sporocyst stages in infected snails. Infection prevalence 
in H. trivolvis ranged from 0.4 to 10.8% (mean ± 1 SE = 1.37% ± 0.88). 
Among the seven ponds at which leeches with Australapatemon sp. were 
detected (with sample sizes of 10 or higher), strigeid infections were 
recorded in H. trivolvis from three ponds (i.e., putative Australapatemon 
sp. infections were detected in both first and second intermediate hosts). 

3.2. Genetic analysis 

Partial CO1 sequences (597–623 bp in length) from six samples of 
cercariae of Australapatemon sp. obtained from two H. trivolvis snails 
(GenBank accession numbers MT827011-MT827016; MSB:Para) varied 
by 0–2.5% (mean 1.46%), with no variation in translated amino acids. 
The most similar sequences in GenBank were those of Australapatemon 
burti LIN1 deposited for Gordy et al. (2017), which differed by 0–6.9% 
(mean 2.66%) from data we obtained (Fig. 2). As in Gordy et al. (2017), 
the large LIN1 clade contains clusters and unresolved subclades that 
drive high overall divergence (up to 6.5% divergence in A. burti LIN1 in 
Gordy et al., 2017). In an NJ phenogram, these clusters corresponded to 
host and geographic provenance, with data in the present study 
grouping with cercariae from planorbid snails in California, and the next 
most similar clade a group of sequences from planorbids in Alberta and 
eastern Canada. These two subclades are generally well supported, but 
nested within the large cluster of CO1 from cercariae collected from 
Stagnicola elodes in Alberta (Supplementary Figs. S1 and S2 and data S1 
and S2) 

3.3. Experimental exposures 

Australapatemon burti infections in leech intermediate hosts varied 
over time and as a function of experimental dosage. While no unexposed 
(control) leeches exhibited any infection over the 15-week experiment 
(n = 20), 93% of exposed leeches supported one or more metacercariae 
by the end of the trial. There was no significant effect of cercarial 
exposure dosage on leech survival (binomial generalized linear model 
[GLM], P = 0.47) or on final leech body length and mass (LM on log10- 
transformed values; all P > 0.4 [see Supplementary data 3]). Four 
leeches died prior to the end of the trial, including two from the medium 
dose (170 cercariae) and one each from the high (947 cercariae) and low 
dosages (39 cercariae). These hosts were excluded from all further 
analyses. 

Days post-exposure had a strong, positive influence on the number of 
metacercariae detected, regardless of exposure dosage (omitting the 
unexposed leeches). No metacercariae were observed prior to four 
weeks post-exposure (Fig. 3). This number increased monotonically over 
time, eventually saturating after 13 weeks across all doses except con
trols (Fig. 3). Thus, the best-supported statistical model included a 
quadratic term for time (overdispersed Poisson generalized linear mixed 
models [GLMM]; scale (days) = 5.24 ± 0.33, P < 0.00001; scale (days2) 
= −3.24 ± 0.25, P < 0.00001), with no additional influence of exposure 
dosage (P = 0.12). 

Fig 1. (A) A leech (Erpobdella microstoma) infected with metacercariae of Australapatemon burti post-experimental exposures; (B) metacercarial cysts within the 
tegument of an infected leech; and (C) a single encysted metacercaria. 
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Overall infection success was low, such that only a small fraction 
(~10%) of administered cercariae formed metacercariae by the end of 
the experiment. Thus, after 15 weeks, there were no significant differ
ences among exposed treatments in mean infection load (overdispersed 
Poisson GLMM: scale (dose) = −0.06 ± 0.14, P = 0.68), despite a nearly 
25-fold variation in the initial dosage (Fig. 4). Across doses (excluding 
controls, all of which were uninfected), most leeches supported infection 
(25/27), with an average (±1 SE) of 11.70 ± 1.40 metacercariae after 15 
weeks (range: 0–32). Converting these values to infection success with 
an offset term (i.e., the proportion of administered cercariae successful 
in forming metacercariae), parasite dosage had a sharply negative in
fluence on infection success (overdispersed binomial GLMM: scale 
(dose) = −1.48 ± 0.18, P < 0.0001). More specifically, infection success 

decreased from 25% in the low dosage to 8.4% in the medium and 1.2% 
in the highest dosage). These observations indicate that either cercariae 
penetration or establishment is strongly density-dependent, leading to a 
parasite carrying capacity within the hosts. 

4. Discussion 

We detected Australapatemon burti infections in 74 Erpobdella 
microstoma leeches (second intermediate hosts) and 20 Helisoma trivolvis 
snails (first intermediate hosts) over a three-month sampling period of 
ponds in the Bay Area of California, representing one of the first field 
surveys for this parasite in the western USA. Of the 14 ponds sampled, 11 
supported A. burti in snail or leech host species, with an average 

Fig 2. Neighbor-joining analysis of partial sequences of 
cytochrome c oxidase I from a species of Austral
apatemon, using all alignment sites. Stars indicate six 
sequences obtained in the present experimental study 
in comparison with cercariae shed by Helisoma spp. 
snails collected from California ponds. Shaded clusters 
within A. burti LIN1 are labeled by geographic prove
nance and hosts of material sequenced with number of 
replicates in parenthesis. Statistical support in separate 
maximum-likelihood and Bayesian analyses shown 
only for A. burti LIN1; lack of annotation indicates no 
support (proportion of 1000 ML bootstrap replicates/ 
posterior probability). Australapatemon burti LIN1 was 
distinguished from other putative and established 
species of Australapatemon by Gordy et al. (2017). 
Sequences from the present study are 
MT827011-MT827016; sequences from other studies 
are HM385485-6, HM385534-58, JX977725-8, 
KT334176-81, KT831346, KT831351, KY207548-624, 
KY587394, KY587396, KY587397-401.   

Fig. 3. The mean number of encysted Australapatemon burti metacercariae observed post-exposure as a function of exposure treatment (control [n = 0 cercariae], low 
[n = 39], medium [n = 170], high [n = 947]) in Erpobdella microstoma leeches. The total census period was 14 weeks with leech hosts examined individually every 
1 week. 
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infection prevalence of 32% in leeches. Phylogenetic analysis of CO1 
sequences from cercariae identified them as part of a lineage of Aus
tralapatemon spp. previously recorded from multiple snail genera in 
Canada (Alberta and Nova Scotia) and the USA (California, based on 
samples collected by our group) (Gordy et al., 2017). By comparison, 
researchers in Finland have reported that >35% of leech species in 
multiple lakes support A. burti infection, with a mean intensity of ~40 
metacercariae per infected leech, compared with 2.1 metacercariae per 
host in the current study (Choo, 2009; Karvonen et al., 2017). We also 
detected intra-molluscan stages of infection within H. trivolvis that were 
consistent with published descriptions and genetic sequences of A. burti. 
Overall prevalence of infection in snails was low (~1%), and observed 
within only 3 of the 12 ponds where infected leeches were noted. Aus
tralapatemon burti has been reported from a wide variety of snail hosts 
(Gordy et al., 2017 and references therein), which suggests the other 
unexamined snail species (e.g., physid or lymnaeid snails) at our field 
sites may have concurrently hosted infection, thereby explaining the 
discrepancy with infected leeches. Alternatively, in light of the low 
prevalence observed in snails, we may not have sampled enough 
H. trivolvis in most ponds. 

Phylogenetic analysis of CO1 gene sequences from our leech and 
snail infections identified them as a lineage of A. burti, one of nine 
sympatric species that (Gordy et al., 2017) recovered mainly in Alberta. 
Not all the species of Australapatemon that Gordy and colleagues (2017) 
distinguished genetically separated morphologically or through host 
affiliation, which is also true for related digeneans (Blasco-Costa and 
Locke, 2017). In about half of the studies reviewed by Blasco-Costa and 
Locke (2017), the number of species initially expected based on 
morphology or ecology differed from the detected with molecular data, 
with genetically delineated species richness usually exceeding mor
phospecies richness. The matching CO1 gene sequences from our 
experimental materials with that of other field-collected materials in a 
single, well-supported clade supports an important premise of our work, 
namely that all of cercariae studied herein belong to a single species 
belonging to A. burti LIN1 clade, which we view as species complex. 
Gordy et al. (2017) also considered that the large A. burti LIN1 clade may 
consist of multiple species. Longer CO1 gene sequences or data from 
other, more variable markers could resolve the status of species or lin
eages within A. burti LIN1. 

Results from the experimental exposures of Erpobdella microstoma 
leeches provided detailed information on the temporal patterns and 
outcomes of infection within second intermediate hosts. While no 
adverse effects on growth or survival were observed, regardless of 

exposure dosage, we observed distinctive patterns in infection load and 
success as a function of dosage and time post-exposure. Using data 
gathered over 100 days post-exposure, our results confirmed the 
exceptionally long development time for metacercariae in leeches 
(Choo, 2009; Davies and Ostrowsk de Núñez, 2012; Stunkard et al., 
1941; Willey and Rabinowitz, 1938). Based on repeated, non-lethal 
examinations of leeches, no metacercariae were evident until approxi
mately four weeks post-exposure, and infection loads per host climbed 
thereafter until ~13 weeks post-exposure, despite no new cercariae 
being administered. These results are consistent with a previous study; 
Stunkard et al. (1941) reported 90% encystment by 40–42 days 
post-exposure. This delayed development of infection in second inter
mediate hosts has also been reported for amphibian larvae exposed to 
cercariae of Clinostomum marginatum, which exhibit metacercariae only 
after three weeks post-exposure (Calhoun et al., 2019). Whether early 
stage metacercariae are too small or too indistinct for earlier detection, 
or whether they reside in a different location inside the host, remains to 
be determined. These long developmental periods have important im
plications for field-examined animals: early examination of hosts could 
result in reporting of a false negative, for instance. This suggests that 
field surveys involving Australapatemon spp. require multiple sampling 
events or an extended post-collection holding period to provide an ac
curate assessment of infection prevalence and quantify burden. Even in 
our own research, we found that leeches with no evidence of infection 
subsequently exhibited metacercariae after a period of captivity in the 
laboratory (i.e., 1–2 weeks). The use of fluorescently labeled cercariae 
could provide further insights into this question, including where the 
parasites reside prior to detection (Keeney et al., 2008; LaFonte and 
Johnson, 2013; Leung and Poulin, 2011). Clearance of infection, in 
which the number of metacercariae decrease over time, was not detec
ted during our experiment, in contrast to some other trematodes (Cal
houn et al., 2015; LaFonte and Johnson, 2013; Stutz et al., 2019). 

One of the most striking results from the varied dosage level expo
sures was the strong evidence for density-dependence in metacercarial 
establishment. Infection success, or the proportion of establishing par
asites relative to the number of administered cercariae, decreased 
sharply with exposure dosage (Fig. 4). As a result, there were no actual 
differences in final infection load after 15 weeks, despite nearly 25-fold 
differences in the administered numbers of cercariae (range 39–947; 
Fig. 4). While other studies of trematode-host interactions have also 
reported a decrease in infection success with higher cercariae exposure 
(Koprivnikar et al., 2017; Orlofske et al., 2018), the extreme magnitude 
of the current result is noteworthy. By calculating the number of 
established metacercariae relative to the number of administered 
cercariae (i.e., infection success), we estimate that infection success 
decreased from ~25% in the lowest dose to ~1.2% in the highest 
treatment dosage. Using dosages of <30 cercariae per leech (albeit with 
different exposure methods), Choo (2009) reported 75% infection suc
cess in leeches (Erpodella) from Finland. These patterns raise intriguing 
questions about the dosages to which field-caught hosts are actually 
exposed. For instance, while we found similar infection loads in 
field-collected leeches (0–22) relative to the experimentally-exposed 
leeches (0–32), the strong density-dependence makes it difficult to 
determine the actual number of cercariae to which naturally occurring 
hosts were exposed; with such strong density dependence, it is possible 
that field-observed leeches were exposed to much larger numbers of 
cercariae. However, the rate of infection also warrents consideration as 
pulse infections (repeated exposures over time) have higher infection 
success than a single exposure (Lindell, et al., 2017). 

We hypothesize that the observed density-dependent reductions in 
infection success could stem from at least two possible mechanisms: (1) 
a reduction in the initial penetration of cercariae into the host caused by 
competitions (i.e., ‘cercariae interference’) or shifts in host behavior (e. 
g. Stunkard et al., 1941) and/or, (2) a decrease in the post-penetration 
establishment of metacercariae through alterations in the innate im
mune response by the host (e.g., Fredensborg and Poulin, 2005; Loker, 

Fig. 4. Average infection success (%) ± 1 SE (as indicated with error bars) of 
Australapatemon burti cercariae in Erpobdella microstoma leeches at day 105 in 
relation to exposure dosage (low [n = 39], medium [n = 170], high [n = 947]), 
excluding controls (as none were infected) and any leeches that died prior to 
105 days. 

D.M. Calhoun et al.                                                                                                                                                                                                                            



Experimental Parasitology 219 (2020) 108002

7

2012, Pulze, et al., 2017). Previous researchers have noted that species 
of Australapatemon cercariae depend on passive encounters with their 
leech hosts (i.e., rather than active searching behaviors) (Stunkard et al., 
1941), which could lead to a change in success rate if hosts reduce ac
tivity or movement following heavier infections. For instance, fathead 
minnow encounters with Ornithodiplostomum sp. cercariae decreased 
directly in response to host activity (James et al., 2008). Others have 
suggested intraspecific competition between encysting parasites. Hov
erman et al. (2013) found that early encysting parasites reduced the 
encystment success of later arriving parasites by as much as 41%, which 
they reasoned was mediated by host immune responses and/or compe
tition for space (Cox, 2001; Klemme et al., 2016; Poulin, 1999). Strong 
interspecific negative associations among metacercariae within and 
between spatially limited sites in fish eyes have also been attributed to 
competition for space and concomitant host immunity (Désilets et al., 
2015). Similarly, crowding of trematodes can decrease overall infection 
load within hosts, delay parasite development time, or limit parasite 
body size (Fried and Nelson, 1978; Valero et al., 2006; Yao et al., 1991). 
For example, Fasciola hepatica in sheep exposed to 200 metacercariae 
has a pre-patent period (days to be infective) of 63 days, whereas in 
those exposed to 2000 metacercariae parasite development was delayed 
by 13–15 weeks (Valero et al., 2006). 

The strong density-dependency results uncovered here indicate that 
fine-scale local process may play a strong role in this parasite’s trans
mission to its second intermediate host (Esch et al., 2002, Fredensborg 
and Poulin, 2005). As a result, observed infection loads of metacercariae 
among field-collected leeches may yield relatively little insight about 
the dosage to which hosts have been exposed. For example, for ‘snap
shot’ surveys in which hosts have either not had enough time to manifest 
infections (i.e., prior to 4 weeks post-exposure) or for which 
density-dependent infection success has set in, the observed number of 
metacercariae may be strongly decoupled from the actual number of 
infectious parasites in the environment. Importantly, however, in nat
ural systems parasite exposure likely involves repeated encounters with 
small numbers of cercariae, rather than single massive doses. For 
example, in fish studied by Rauch et al. (2005), metacercariae of Dip
lostomum pseudospathaceum were genetically distinct rather than clonal, 
and genetic diversity in these metacercariae far exceeded that found in 
cercariae from sympatric snails, which indicates that fish acquired 
metacercariae incrementally, rather than in large packets. This type of 
serial exposure gives hosts opportunities to behaviorally avoid (Daly and 
Johnson, 2011) or immunologically respond to infection, such that 
linking laboratory-based findings to field infections will require further 
investigations. 
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