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Mortality of Juvenile So-iuy Mullet, Liza haematocheilus (Teleostei, Mugilidae), in the Sea of Azov
Associated with Metacercariae (Digenea). Sarabeev, V. — Age-dependent patterns, including yearly
variations of digenean metacercariae infestations of the introduced species, Liza haematocheilus
(Temminck & Schlegel, 1845), were studied. We evaluated the impacts of three metacercaria species,
Timoniella imbutiforme (Molin, 1859) Brooks, 1980, Diplostomum spp. and Ascocotyle (Phagicola) longa
Ransom, 1920, on juvenile fish in age from one month to 2+ years old from the Molochny Estuary and
neighboring waters of the Sea of Azov by applying Crofton’s negative binomial truncation technique,
epidemiologic and aggregation indices. Parasite surveys executed in 1997-2014 revealed significant
yearly differences in the infection dynamics of studied metacercariae in juvenile fish of L. haematocheilus.
Metacercariae were absent or fish harboured several times less parasites in 2005-2013 than in 1997-1999.
T. imbutiforme infection exhibits a convex that was observed in a decline of the parasite load after an
initial increase. The infection load of Diplostomum spp. increased asymptotically with the fish age reaching
maximum value in two years old juveniles. Both the abundance and the prevalence of A. (P.) longa were low
in juveniles of two month and two years old but relatively high and more or less constant during the rest
of the juvenile period. Results of the present study suggest that metacercariae, especially, T. imbutiforme,
are associated with mortality of juvenile Liza haematocheilus.
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CMepTHOCTD MOMOEM mwreHraca, Liza haematocheilus (Teleostei, Mugilidae), B A3oBckom Mope,
ACCOILMMPOBAaHHAA C 3aPAKEHHOCTBIO MeTanepKapisamu tpemaron (Digenea). Capa6ees B. JI. — VI3y4ensl
BO3PACTHBIE U1 MEXTOOBBIE OCOOEHHOCTH 3apaKeHNs MHTPOAYLMPOBAHHOTO Bupa Kedamu, Liza
haematocheilus (Temminck & Schlegel, 1845). IIpoBeieHa orjeHKa BIVSHMS TPEX BUJOB MeTaliepKapuit,
Timoniella imbutiforme (Molin, 1859) Brooks, 1980, Diplostomum spp. u Ascocotyle (Phagicola) longa
Ransom, 1920, Ha MOnOAb IM/IEHTaca B BO3pacTe OT OGHOTO MecsAna o 2+ jieT B MO/lI04YHOM /1MMaHe
U TpWIEramoiinx BoAaX A30BCKOTO MOps, € MKCIIONb30BaHMEM METOJa YCEYEeHHOTO HEraTMBHOTO
OMHOMMAZIBHOTO  paclpepeneHus, mnpemioxeHHoro Kpodronom (1971), smmmeMmonorndeckux
[OKa3aTeJIeil U MHAEKCOB arperanniu. Ilapasuronorndeckue o6C/Ie[OBaHIs, BbIIOTHEHHbIE B IEPUOT, C
1997 mo 2014 rr., IOKasanM CyIIeCTBEHHYIO PasHMILY TOJOBON AMHAMMUKYI 3apa’keHMs MCCIEeNOBAHHbIX
BUJIOB MeTallepKapuil y MONOAM IWIeHraca. MeTalepKapuy OTCYTCTBOBAIM WM 3apa)XKEHHOCTb PbIO
6bU1a B HECKO/IBKO pa3 MeHblue B 2005-2013, yvem B 1997-1999 rr. [JuHamMmKa 3apa>keHHOCTY MOJIOJU
nujeHraca Metamepkapueit T. imbutiforme npeacTaBiieHa BBITYK/ION KPUBOIL, KOTOPas OMMCHIBAETCS KaK
CHIDKEHNE YMCIeHHOCTH II0CTIe HAaYalbHOTO POCTa. 3apa’keHHOCTb MeTanepkapueit Diplostomum spp.
YBEIMYMBACTCA ACUMITOTUYECKM C BO3PACTOM, JOCTUIasA MaKCMMa/IbHOTO 3HAYEHMA Y JBYXTOHOBA/IBIX
ocobeit. Yncnennoctp Metarepkapuit A. (P.) longa 6bU1a OTHOCUTENIBHO HM3KOJ B BO3pACTe JBYX
MecsALeB U JBYX JIET, TOT/Ia KaK B TeUeHUe OCTaIbHOTO MePUOfia OCTaBaIach Ooee WM MeHee BBICOKOIL.
IToryyeHHbIe pe3y/IbTATbl IIPEAIONATAlOT, YTO 3apaKeHHOCTb PbIO MeTallepKapusAMM, B 4YaCTHOCTU
T. imbutiforme, 06ycrnaBnuBaeT CMEPTHOCTb MOJIO/IM IIMJIEHTaca B MOTOYHOM /TMaHe, B pe3y/IbTaTe 4ero
6oree 50 % Mmooy, MOsBUBILENCST B MOIOYHOM /TMMaHe, OrnbaeT B TeYeHIEe TePBOTO rofja XXI3HIL
Vicxopma M3 pe3y/nbTaTOB rOJOBOIN 1M BO3PACTHON JMHAMUKY 3apaKeHMsA IMJIEHTaca MeTalepKapuaMu
TpeMaTof, MOXXHO JaTh CIeAyIOlye MPaKTUYeCKMe PeKOMEHJALUN: [epBOe, TaK KaK CMEPTHOCTb,
BBbI3BaHHas IIapasuTaMy HaO/I0anach Cpefiul BBICOKOYPO)KAITHBIX TOKOJIEHNII IMJIEHTaca, PEKOMEH/yeM:
a) perympoBaTb KOIMYECTBO 3aXOJAIIMX IPOM3BOAUTENENl Ha HepecT B MOJIOYHBIN IMMaH, 4TOOBI
n30exxarh IepeHaceneHns] HEPEeCTOBbIX aKBATOPUIL ¥ TAKMM OOPA3OM YMEHBIINTh YPOBEHb Iepefadunt
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Te/IbMUHTOB; 1 6) OT/IaBNMBATh MOJIOAD PBIO 13 AMKOIT OMY/IALNY /I X Ha/IbHENIIero BEIpallyBaHIsA B
aKBaKy/IbType, clefys pekoMeHparyam Cadopama 1 CeMmeHeHKO (1998); BTOpoe, TaK Kak 3apa)kKeHHOCTDb
MeTalepKapyuAMI ObICTPO YBEIMYMBAETCA C POCTOM CETONIETOK, MOCTIEHME NO/DKHBI M3bIMAThCA U3
€CTeCTBEHHOII CpefIbl B paHHEM BO3PacTe, IPEIIOUYTUTENbHO B TeUeHIIe TIeTHETO Ce30Ha, A/ 3apblOIe s
MM MOPCKVIX ¥ COTIOHOBATBIX BOJJOEMOB.

Knwouessie cnosa:Timoniellaimbutiforme, Momo4HbIit TMMaH, CMEPTHOCTbD, BBI3BAHHAS Ie/IbMUHTaMIA.

Introduction

Exploring ecological features of the host-parasite relationships in the environment is a notoriously com-
plicated task (Stanko et al., 2006) and the determination of the parasite-induced host mortality in wild fish
populations presents even greater difficulties (Adjei et al., 1986; Ferguson et al., 2011). Dead or diseased fish are
rarely found in the field, especially their early juvenile stages, and even if they are, the cause of death can rarely
be attributed unequivocally to the parasite impact due to the effects of predation, competitive interactions,
environmental pollution etc. (Rousset et al., 1996; Hatcher et al., 2012). However, several techniques have been
proposed to assess the influence of the parasitic infection on the host mortality range (Crofton, 1971; Lester,
1984; Adjei et al., 1986). Lester (1984) reviewed the common methods used for detecting mortality due to para-
sitic infections in wild fishes, many of which require repeatable observations of parasite abundance, prevalence,
frequency and aggregation on the same host population. An alternative technique for tracking infections in host
populations over time is to compare the tail of the observed distribution to that of the distribution predicted
from the first few points of the data, as originally proposed by Crofton (1971). He claimed that there are usually
fewer heavily infected hosts in wild populations than would be predicted. An explanation for this phenomenon
is that heavily infected hosts are more predisposed to mortality. Although this model was criticized by Mccalum
and Dobson (1995), it became widely accepted and is applied extensively in theoretical and empirical models
(Adjei et al., 1986; Royce, Rossignol, 1990; Rousset et al., 1996; Galvani, 2003; Ferguson et al., 2011, etc).

Host-parasite relationships are mostly well-balanced in systems with a common evolutionary history,
where a host defence mechanism is regularly resisted by the parasite and vice versa. In new host-parasite sys-
tems, emerged as the result of a deliberate or accidental introduction, the relationships between native parasites
and introduced host or between native host and co-introduced parasites, brought in the new area together with
the invasive host species, are unbalanced and unpredictable, as adaptive relations of both parties of the system
are broken down. Co-introduced parasites that accompany an invader may host-switch to native taxa, some-
times with devastating results, and also the reverse events may occur when parasites from native host transfer
to the invader (Mccalum, Dobson, 1995; Shine, 2012). Lymbery et al. (2014) gathered data on 76 examples
of co-introduced parasites that switched to native hosts, in 16 of them information on relative virulence was
available. Of these 16 host-parasite records, 14 co-invasive parasites were more virulent in native hosts than in
the invader while for the other two cases there was no evidence of any difference in virulence between native
and introduced hosts. However, data documenting a negative effect of native parasites on the introduced host,
where parasites can serve as important population regulators of invasive host in an ecosystem, are largely lack-
ing (McCallum, Dobson, 1995).

Here, we evaluated the impacts of three digenean metacercariae, Timoniella imbutiforme (Molin, 1859),
Diplostomum spp. and Ascocotyle (Phagicola) longa Ransom, 1920, on fry and juveniles of so-iuy mullet (Liza
haematocheilus (Temminck & Schlegel)) from the Molochny Estuary and adjacent waters of the Obitochna Bay
of the Sea of Azovby comparing parasite loads of different age groups of the fish using three analytical tech-
niques: i) comparison of parasite prevalence and abundance between different fish age groups, ii) comparison
of parasite aggregation using the variance to mean ratio (VMR) and the exponent k of the negative binomial
distribution (NBD) between groups, iii) parasite frequencies analysis in fish using the negative binomial trunca-
tion technique developed by Crofton (1971). We also did attempt to estimate the percentage of host population
loss as a result of parasite associated fish mortality based on the approach proposed by Adjei et al. (1986).

Liza haematocheilus native to the Amur River estuary and the Sea of Japan was deliberately introduced
into the Black and the Azov Seas in 1978. The main goal of the introduction of this fish into the Sea of Azov was
seeking ways to increase the fishing capacity of natural water reservoirs and to use abundant and underutilized
detritus (Sabodash, Semenenko, 1998). The first self-reproduction of the so-iuy mullet in the new distribution
area was reported since 1986 (Yanovsky, Isergin, 1998). The environmental conditions in the Azov-Black Seas
appear to be favourable for Liza haematocheilus whose growth rate exceeds those of the native mullet species
(Okumus and Bascinar, 1997), therefore, this species was considered as prospective subject for the estuarine
aquaculture in this region (Starushenko, Kazansky, 1996; Sabodash, Semenenko, 1998). Aquaculture of grey
mullets relies on the use of wild seed based on the capture of fry and juveniles in their natural habitats. Such type
of extensive aquaculture makes it imperative to acquire the knowledge about appropriate terms of fish capture
and epidemiological conditions for the lagoon fish culture (Saleh, 2008).

The introduction history of L. haematocheilus in the Sea of Azov has known only one record of the mass
mortality of this species in the Molochny Estuary caused by parasites. It occurred in 1996 due to gill micro-
sporidiosis (Maltsev, 1999). According to the results based on all three analytical techniques mentioned above,
it is evident that parasites, especially metacercariae of T. imbutiforme, have an impact on juveniles of L. haema-
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tocheilus reproduced in the Molochny Estuary. The fish lost due parasite-associate host mortality may exceed
50 % of the recruitment.

Methods

Study Area, Fish Sampling and Parasite Collection

Juvenile specimens of L. haematocheilus were collected by a 10 m long 1-6.5 mm mesh fry dragnets while
adult fish were obtained directly from fishermen. This study covers the period of 1997-2014 and gives the analy-
sis of metacercariae infection dynamics in fish stock produced on the Molochny Estuary of the Sea of Azov.
Zero year old juveniles were sampled from the canal connecting the Molochny Estuary with the Sea of Azov
while fish of older groups from the Molochny Estuary and its adjacent waters of the Obitochna Bay. The present
study is based on 319 dissected juveniles of the so-iuy mullet in the age range from one month to two years old
and 49 adult fish in age range from 3 to 6 years old that totally represents 12 datasets (table 1). The number of
fish typically reached 25-40 fish specimens per sample following recommendations of Gregory and Blackburn
(1991), Jovani and Tella (2006), and Marques and Cabral (2007). Of the presented dataset, 3 of 12 samples were
in range 17-19 specimens of juvenile fish. Such small sample size also could be used as a reasonable trade-oft
between not losing too much important information and maintaining acceptable levels of uncertainty (Jovani,
Tella, 2006).

Samples of fish from years 1997 and 1999 were matched for comparative analysis to obtain representative
samples that was permissible because: a) we were not making direct comparison of the zero year old fish with
older groups; b) similar ecological conditions of the Molochny Estuary insured by a certain connection of the
estuary with the Sea of Azov characterized the reservoir at those years; and c) high-yield generations of the so-
iuy mullet born in the Molochny Estuary recruited stock at that time. The analysis does not include 4 datasets
with 26, 51, 46 and 26 individuals of zero year fish sampled in July of 2008, 2010, 2013 and 2014, respectively,
because the digeneans were absent in the fish samples. The fish age of zero year old fish was determined in ac-
cordance with Sabodash and Semenenko (1998), while the age of older individuals was identified from scale
samples (Tsarin et al., 1999). The fish sample in the age designed as one month includes both fry and juvenile fish.

Collected fishes were measured and surveyed for parasites within the day of capture or after holding in
a refrigerator during 1-3 days. The muscular tissue, oesophagus, pyloric caeca, intestine, eye lens and internal
organs were squashed between two Petri dishes of different diameter and carefully examined under a stereomi-
croscope for parasites. All helminth parasites were identified and counted. Following the preliminary identifica-
tion of helminths using the stereomicroscope, selected specimens of larval digeneans were encysted or cleaned
of the host tissues (in case of Diplostomum spp.) and stained in iron acetocarmine, followed by dehydrating
through an ethanol series (from 70 to 100 %), clearing in dimethyl phthalate and mounting as whole mounts
in Canada balsam. Taxonomic identification was attempted to the lowest possible level in accordance to Gae-
vskaya, Gusev, Delyamure et al. (1975), Shigin (1986), Simdes et al. (2010). Identification of Diplostomum speci-
mens from fish was done to the genus level due to the lack of morphological features useful for identification of
larval stages and specific requirements for mounting and examination of the specimens (Shigin, 1986). Adult
worms of Diplostomum spp. and A. (P.) longa were also obtained from wild fish-eating birds of the Molochny
Estuary and in the case of T. imbutiforme from Platichthys flesus (L.) and Syngnathus typhle (L.) (Domnich,
Sarabeev, 2000).

Data Analysis

For each parasite species, the indices of prevalence and mean abundance in fish were determined ac-
cording to Bush et al. (1997). The mean abundance was estimated with 95 % confidence intervals (CI) for
the comparative reason. The parasite aggregation was characterized by two measures: variance to mean ratio
(VMR) and the exponent k of the NBD. A web-based tool provided by Reiczigel and Rdzsa (2005) was used to
compute the 95 % CI of the mean abundance, VMR value and exponent k and its associated p-value, determin-
ing whether or not the parasite data fit NBD.

Comparison of abundance in relation to fish age and yearly dynamics was analyzed by Mann-Whitney
paired sample test. This procedure was performed with PAST v3.06 (Hammer, Harper, 2005). The effect of
the fish total length on helminth intensity was tested with linear regression technique on previously log trans-
formed data. The relations were considered significant when P-values Pearson correlation were lower than 0.05.

Crofton’s truncation technique was applied to determine whether or not digenean metacercariae induce
fish mortality. This model involves estimating an overall expected parasite distribution in hosts from the zero
and low frequency classes, where lethal effects are less significant (Royce, Rossignol, 1990). Both the observed
and truncated distribution curves will fit the NBD, but the truncated curve will fit better because the pattern
from the observed data will be missing fish from the high parasite load class, owing to parasite-induced host
mortality. If mortality is density dependent, then the truncated curve will show an increase in the number of
hosts with higher helminth loads in comparison with the distribution curve of the observed data (Ferguson et
al,, 2011; Royce, Rossignol, 1990). In the present study the truncation technique was applied to all available
juveniles surveyed in 1997-1999. Because the age of fish used in the present study was known, it was possible
to compare an estimated pre-mortality distribution from zero year old fish with the distribution of parasites
in juveniles of one and two years old. The survival probability of juvenile fish was defined as the ratio of the
estimated post-mortality number of fish with x parasites to the expected number prior to parasite-related deaths
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occurring. Following identification of the survival probability, it is becoming feasible to define the proportion of
fish stock and infected hosts that were lost due to parasite infection using formulae 4 and 5 of Adjei et al. (1986).

Crofton’s analysis of the parasite distribution was performed using an iterative technique, minimizing x*
to determine the best fit of estimated numbers to the observed. It was done by applying the following algorithm:
a) estimation of the maximum likelihood value of k from whole data set and work back, truncating sample in
small steps; b) evaluation of the mean parasite abundance with formulae of 4.3 of Breyev (1972); c) calculation
of theoretical frequencies applying formula of 3.15 of Breyev (1972); d) comparison of the expected distribution
from zero to one of the frequency classes with the observed distribution using a x> test. The exponent k of the
NBD for this frequency analysis was estimated with a web-based tool provided by Wessa (2015) while Chi-
square test was executed with PAST.

Results
Timoniella imbutiforme

Metacercariae were found in skeletal muscular tissues and oesophagus wall of host
species. Fry and juveniles of L. haematocheilus from the Molochny Estuary were highly
infected by T. imbutiforme in 1997 and 1999, while in the subsequent years this metacercaria
was not found in samples of so-iuy mullet except a single record of this worm in November
2014 (table 1). Analysis of the age dynamics of prevalence and abundance of T. imbutiforme
shows that infection increased with age, until the fish were at age 3 months and 31-40 mm
long. After this, both epidemiologic indexes remained more or less constant for zero
year old juveniles. Beginning from one year old juveniles, the infection of T. imbutiforme
declined and reached minimal values in two years old fish. The parasite survey of adult
individuals revealed slightly higher abundance but the occurrence was about twice lower
than in two years old juveniles. Mann-Whitney tests revealed the significant difference in
the helminth abundance between compared zero year old and one-two years old fish (U =
4558, p < 0.0001). The regression analysis of relationships between the total fish length and
the number of helminths per host shows a similar picture of dynamics indicating significant
decrease of parasite intensity with fish length for one-two years old juveniles (fig. 1).

The present observation of aggregation indexes for metacercariae of T. imbutiforme
revealed the approximately linear relationships between the exponent k and the
prevalence (R*= 0.82, p < 0.001), while the VMR is predominantly affected by the mean
helminth abundance (R*= 0.4, p = 0.07). The distribution patterns of T. imbutiforme in
L. haematocheilus well fit to the NBD in all surveyed age groups of fish except in age of
two month, two years old juveniles and adult fish (table 1). Estimated over-dispersion
pattern, measured by the VMR, in zero year old fish, was at least twice higher than that of
one-two year old fish. The VMR was influenced by infections in zero year old fish as they
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Fig. 1. Relationship between the fish total length and the intensity of T. imbutiforme in zero year old (solid line
and solid point) and one-two years old (dashed line, open rhomb) of L. haematocheilus. **Referred to a signifi-
cant level of 99 %.
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had a high mean abundance compared with older juveniles thus increasing the variance
of the variable. The exponent k of the NBD increased during the first year of life from
highly aggregated (k < 1) to aggregated (k > 1) distribution and decreased in the older age
group up to value of 0.03 in adult fish (table 1). The highest values of epidemiologic indexes
combined with relatively high values of both the VMR and k in juveniles of 5-6 months
old may indicate a critical age period when the parasite-induced mortality starts to operate
on host population. Both the parasite abundance and the VMR substantially decreased in
the following age group category (the 95 % confidence interval of the abundance did not
overlap between compared groups, F = 7.9, p < 0.01 and the VMR in 4.6 times as less in
the older group), while the prevalence remained high (89 %) and the k even increased from
1.02 to 1.29. This observation points out that highly infected fish is absent in the group of
one year old juveniles, although infection is highly prevalent in the population. Thus, it may
indicate the presence of the density dependent process operated during the first year of the
fish life that resulted in the loss of highly infected hosts due to the parasite-associated fish
mortality. In older juvenile fish, the k decreased together with all other indexes applied here
to quantify the infection rate.

Based on the infection dynamics of T. imbutiforme the data set was split in 2 groups, ju-
veniles of 3-6 months, and 1+ -2+ years olds as the pre-mortality and post-mortality periods
to conduct the frequency analysis of the parasite distribution. The helminth aggregation is
well described by truncated model with the parameters derived from 0 to 4 parasites for juve-
niles of 3-6 months old and 0 to 2 parasites for young fish of 1+ -2+ years old. The frequency
analysis of T. imbutiforme predicted that the helminth distribution in both the pre-mortality
and post-mortality periods was truncated. The truncation was calculated to occur within the
first few infection categories given that the threshold for parasite-associated mortality begins
at the presence of 3—-4 metacercariae of T. imbutiforme per fish (table 2, fig. 2). The trunca-
tion point was actually at the beginning of the distribution tail in juveniles of 3-6 months old,
while it was higher towards the tail end in fish of 1+ -2+ years old, indicating that the majority
of fish had an abundance of infection above the truncation point in the pre-mortality period
vs. below in post-mortality (i. e., to the right vs. left side of the curve; see fig. 2 and table 2). The
negative binomial curve for 1+ -2+ years old fish is shifted to the lower position, beginning
at the level of 3-4 parasites per fish comparing with both the observed and estimated curves
of the helminth distribution in juveniles of 3-6 months old (fig. 2). The difference between
pre-mortality and fitted post-mortality curves is shown as the survival curve, which declines
towards the tail end of the worm distribution on the so-iuy mullet. The proportion of the re-
cruit loss as a result of the infection of T. imbutiforme is relatively high and reaches 55 %. For
infected fish the estimated loss is slightly higher and counts 67 %.

Ascocotyle (Phagicola) longa

Metacercariae were found predominantly in the oesophagus and intestinal walls,
denticulate pharyngeal pad, internal organs and rarely in skeletal muscular tissues of host
species. Metacercariae of A. (P.) longa were registered in L. haematocheilus during the
whole period of the fish survey beginning from the second month of fish life (table 1). Both
the prevalence and the mean helminth abundance indicate that the parasite load on zero
year old juveniles was higher in 1997-1999 comparing to 2005-2014 (Mann-Whitney tests,
U = 3657, p = 0.004). Metacercariae of A. (P.) longa were not registered in one month old
juvenile fish, cysts of this helminth were found in fish beginning from the second month
of their life. Both epidemiological indices were more or less constant in the period from
the third month to the age of 1+, when they were relatively high with prevalence reaching
65 % and mean abundance of 23 specimens per host. In the older fish in the age of 2+, the
parasite load was significantly lower than in younger fish in age from two month to 1+ (t =
4.1, p = 0.5). No relationships were found between the total fish length and the number of
helminths per host following the regression analysis (R?< 0.05, p > 0.05).
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Fig. 2. Frequency distribution of T. imbutiforme split following the pre-mortality and post-mortality events. Solid
line with solid point and dashed line with open square = the observed and predicted pre-mortality frequency
distribution; dashed line with solid triangle = the fitted post-mortality frequency distribution; solid double line
with crosses and symbols = the estimated percentage survival of fish with that number of parasites.

There was approximatelylinear relationships between the exponent k and the prevalence
(R*= 091, p < 0.0001), and the VMR and mean abundance (R*= 0.74, p < 0.001). The
age dynamics of the VMR in juveniles was represented by two peaks with the subsequent
sharp decrease in its value. Both peaks correspond to the highest mean abundance that
declined in the subsequent age group. The VMR increased in adult fish regardless of low
mean helminth abundance. The exponent k of the NBD was relatively low with a maximum
rate not exceeding 0.25 pointing to the highly aggregated distribution of A. (P.) longa in
L. haematocheilus. In other words, it tells us about a relatively low proportion of the fish in
the susceptible tail of infection.

Juvenile fish at the age of 3 months to 1+ year old were combined in one data set to
apply for Crofton’s truncation model because of the even infection parameters in these age
groups. The negative binomial parameters were estimated from the fish with 0-45 parasites.
The observed frequency of a remained tail was higher than predicted counting five values
(table 2) in the range from 58 to 400 metacercariae per host, but this data was not fit for a
further categorized analysis. Comparison of parasite distribution between fish of zero-one
year old and at the age of two years was not conducted due to the small sample size of the
latter age group (table 1).

Diplostomum spp.

Metacercariae were found in eye lens of host species. Fry and juveniles of L. haemato-
cheilus from the Molochny Estuary were infected by Diplostomum spp. in 1997 and 1999,
but in the subsequent years this metacercaria was not found in the fish samples (table 1).
Metacercariae of Diplostomum spp. were recorded in so-iuy mullet beginning from the first
month of its life. Two of 37 dissected fish in age about 1 month were infected by a single
specimen of Diplostomum per capita. Metacercariae were not found in two month old ju-
venile fish. Beginning from the age of three months the parasite mean abundance steadily
increased up to two years old while the prevalence reached the maximum value of 51 %
in adult fish. The regression analysis performed on linear measurements of fish and the
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Table 2. Frequency distribution of metacercariae infecting juveniles of L. haematocheilus from
the Molochny Estuary and adjacent waters of the Azov Sea fitted to the truncated negative binomial

distribution
No. parasites | Observed | Crofton predicted | No. parasites | Observed | Crofton predicted
T. imbutiforme, 2-6 months old A. (P.) longa, 3 months-1+ year old
0 13 13 0 76 76.0
1-2 5 12.9 1-7 28 31.5
3-4 6 8.4 8-14 6 8.3
5-6 9 6.3 15-21 8 4.3
7-8 4 5 22-28 2 2.7
9-10 1 4.1 29-35 1 1.7
11-12 4 34 36-42 1 1.2
13-14 2 2.8 43-49 2 0.8
15-16 3 2.4 50 andmore 5 2.3
17-18 4 2.0 k N/A 0.15
19-20 2 1.8 Diplostomum spp., 3 months—-2+ year old
21-22 4 1.5 0 126 126
23-24 2 1.3 1-2 10 14.8
25 and more 15 8.9 3-4 4 5.9
k N/A 0.6 5-6 6 3.6
T. imbutiforme 1+ — 2+ years old 7-8 6 2.5
0 50 50.7 9-10 4 1.9
1-2 12 16 11 and more 9 9.6
3-4 8 4.4 k N/A 0.08
5-6 2 1.6
7 and more 1 0.7
k N/A 0.3

number of helminth specimens per host further supports the observed infection pattern,
revealing positive relationships between fish length and parasite intensity (fig. 3).

The relationships between the VMR, the exponent k and the prevalence are approxi-
mately linear in Diplostomum spp. (R*= 0.87, p < 0.001; R*= 0.89, p < 0.01, respectively),
moreover the VMR also moderately correlated to the mean abundance (R*= 0.66, p < 0.05).
The distribution patterns of Diplostomum spp. in the most samples did not fit well to the
NBD in all age groups except the age of two years old (table 1). The estimated over-dispersion
pattern measured by the VMR in fry and juveniles was relatively low in range 1-26.6. The
VMR reached a maximum value in the fish of two years old, corresponding to the maximum
mean abundance. A steady increase in k (decrease in aggregation) with age was observed,
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Fig. 3.Relationship between the fish total length and the intensity of Diplostomum spp. in juveniles of L.
haematocheilus.* Referred to a significant level of 95 %.
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the lowest value was reported for three month old fish and the highest for the adult group.

Juvenile fish from three months to two years old were selected to execute the frequency
analysis. The best fit of the observed data to the estimated frequency was found for the
negative binomial parameters obtained from the fish with 0-5 parasites. The observed fre-
quency with 1-4 parasites was less than expected (table 2), but we made the assumption
that fish with 5 parasites do not die as the result of their infection. The observed frequencies
with 5 and more parasites were very close to or higher than expected. Thus, the truncation
model indicated that the parasite-related mortality had not occurred among fish infected
by Diplostomum spp.

Discussion

Our long-term surveys revealed significant yearly differences in the infection dynam-
ics of studied larval digeneans in fry and juveniles of L. haematocheilus. Metacercaria were
absent or fish harboured several times less worms (in case of A. (P.) longa) in 2005-2013
than in 1997-1999. Probably this is related to the hydrological regime of the Molochny
Estuary. Two different stages in ecological conditions could be connected to such drastic
difference in the parasite infection dynamics. In the first stage (up to 2002) the Molochny
Estuary was characterized by a high level of bioproductivity and biodiversity, as well as by
an optimal salinity (17-25 gL-1) insured by a certain connection of the estuary with the
Sea of Azov. The second stage initiated by the isolation of the estuary from the Sea of Azov
(beginning from 2002). As the result of isolation, the water salinity increased up to levels
as high as 30-90 gL-1 while the bioproductivity and biodiversity decreased (Demchenko
et al., 2012). For example, species richness of zoobenthos decreased from 88 to 29-30 spe-
cies (Ivanova, 2006), fish diversity from 36 to 7 species (Antonivsky et al., 2010). Moreover,
the bird quantity on the Molochny Estuary was reduced in 3-4 times during the period of
the isolation (Demchenko et al., 2012). The mouth of the Molochny Estuary was artificially
opened in July of 2014 resulting in revealing of T. imbutiforme and increasing both the
abundance and prevalence of A. (P.) longa in zero year old fish.

The population size of L. haematocheilus also strictly depends on the hydrological re-
gime of the Molochny Estuary, with variation from 20 million individuals in zero year
old fish in 2007-2011 (Solod, Diripasko, 2012) up to 9 billion in 1992 (Yanovsky, Izergin,
1998). This fish also makes a substantial contribution to the diets of fish-eating birds (Dem-
chenko et al., 1999; Pryahin, 2001; our own observations), for instance, composing about
11 % to the dietary volumes of Phalacrocorax carbo L. in the Molochny Estuary (Demchen-
ko et al,, 1999). All of these factors indicate that L. haematocheilus plays an important role
in the transmission of bird parasites, such as A. (P.) longa and Diplostomum spp. But in the
case of T. imbutiforme it is difficult to clearly identify the role of the introduced host in the
transmission of this worm. The predator species of L. haematocheilus is Sander lucioperca
(L.) in the Sea of Azov (Sabodash, Semenenko, 1998; Pryahin, 2001). All of 22 examined
individuals of S. lucioperca in 1997-1999 from the Molochny Estuary and adjacent waters
did not harbour T. imbutiforme, adults of this digenean infect P. flesus and S. typhle (Dom-
nich, Sarabeev, 2000) but grey mullets seem left out of the diet of these two definitive hosts
(Vinagre et al., 2008). Although T. imbutiforme is characterized by a wide range of defini-
tive hosts including P. flesus, S. typhle, Dicentrarchus labrax (L.), Dentex dentex (L.) and
some gobiid fish (Gaevskaya et al., 1975; Culurgioniet al., 2015; Radujkovi¢, Sandi¢, 2014),
only metacercariae of this worm from juveniles of S. lucioperca were previously reported
(Terekhov, Safrygina, 1981).

The studied here digeneans showed different patterns of age related variations in the
prevalence and abundance. Graphical representation of the infection parameters of T. im-
butiforme dynamics shows a decline of the parasite load after an initial increase of infection.
The infection load of Diplostomum spp. increased asymptotically with the fish age, reach-
ing a maximum value in two years old juveniles. Both the abundance and the prevalence
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of A. (P.) longa were low in juveniles of two month and two years old while those were
relatively high and more or less constant during the rest of the juvenile period. Among
the studied metacercaria T. imbutiforme was most abundant and prevalent in zero year
old fish, followed by A. (P.) longa and Diplostomum spp. The observed infection dynamics
indicate that for the first months of fish life and up to the winter period the metacercaria
of T. imbutiforme dominated among larval digeneans, but in the subsequent age groups it
was replaced by A. (P.) longa and Diplostomum spp. A number of empirical studies have
reported age-infection curves, which either show a continual increase in parasite load with
asymptote or a convex dynamics (Quinnell et al., 1992; Krasnov et al., 2006; Musiba, Nk-
wengulila, 2006; Fergusson et al., 2011).

The accumulation of metacercariae with the age of a host is a typical occurrence (Wil-
son et al,, 2002) that frequently has been attributed to a long life span of digeneans in
intermediate hosts (Musiba, Nkwengulila, 2006; Faltynkova et al., 2011). Continuous expo-
sure of the fish to the reinfection throughout the life, their inability to develop age related
immunity, and longevity of metacercariae could be an explanation of the increase in the
worm load. Metacercariae of Diplostomum spp. can live for up to four years in fish and
perhaps until their host dies (Valtonen, Gibson, 1997). Longevity of other metacercariae
can be shorter than that of Diplostomum spp., their life expectancy is limited by age of
18-30 months (Mitchellet al., 2011) or by other data could not exceed 8-10 months (Faliex,
1991). Although lacking information about the life span of A. (P.) longa and T. imbutiforme
and so absence of clear evidence on their life expectancy, we should state that there were
no dead metacercariae recorded in juvenile fish during the present study. At the same time
the presence of dead encysted metacercariae in adult fish of L. haematocheilus was a com-
mon observation. The water temperature in the Molochny Estuary and adjacent waters is
low, not exceeding +2 °C during winter period from December to March with minimal
temperature reached -1.5 °C during cold winters (Matishovet al., 2008; Directory..., 2006),
that must surely further extend the longevity of metacercariae.

Among studied here host-parasite systems relationships between juveniles of the so-iuy
mullet and different parasites, relationship with Diplostomum spp. was found to be not as-
sociated with the mortality risk of any component of the system by several reasons. First, the
infection level of Diplostomum spp. was relatively low in L. haematocheilus with maximum
intensity reached 58 metacercaria per fish in the age of 2+. Experimental studies on the patho-
genicity of Diplostomum species revealed a reduced optomotor and visual response in fish in-
fected by more than 100 and 25 metacercariae in a lens, respectively (Ieshko, Shustov, 1982).
Actually, only 6 of 237 (or less than 3 %) studied fry and juvenile fish of the so-iuy mullet in
1997-1999 harbored more than 25 metacercaria in 2 eyes. Second, the worm aggregation,
abundance, and prevalence increased with the age of host for the juvenile period of the life
of L. haematocheilus. Such pattern of parasite load and dispersion can occur when the host
does not acquire either immunity or defensive behavior with age and the rate of acquisition
of new parasites would exceed the rate of parasite mortality due to host defense (Krasnov et
al., 2006). Finally, the frequency analysis of the parasite distribution did not reveal density
dependent parasite-induced host mortality in this host-parasite system of L. haematocheilus
and Diplostomum spp. that further supports the assumption on an absence of mortality risk.

T. imbutiforme was indicated to be associated with mortality of juvenile fish. As point-
ed above the worm load of T. imbutiforme in L. haematocheilus declines after an initial
increase. There are a number of mechanisms that might account for such age dynamics
of the parasite load. These include parasite-induced host mortality, host-induced parasite
mortality, acquired immunity and behavioural changes in older fish (Rousset et al., 1996;
Wilson et al., 2002; Musiba, Nkwengulila, 2006; Stanko et al., 2006). Both the frequency
analysis of parasite distribution and the age dynamics of the parasite aggregation indicate
the parasite-induced host mortality occurring in the host-parasite system of T. imbutiforme
and L. haematocheilus. The decline of the worm abundance and the aggregation with a
remaining high level of prevalence observed for fish at the age of one year indicates that
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parasites were lost due to mortality of heavily infected hosts. During the juvenile stage of
fish life, the distribution of T. imbutiforme shifted from highly aggregated patterns to a
low level of aggregation. A general characteristic of parasite distribution is that most host
individuals harbouring low numbers of parasites, but a few individuals playing host too
many, so parasite distribution among hosts is characterized by a high level of aggregation
(Wilson et al., 2002; Krasnov et al., 2007). Crofton (1971) found that the greatest control
by the parasite species occurred when k of the NBD was in the range between 1 and 3. Our
results are consistent with Crofton’s views revealing the parasite-induced mortality in fish
age groups when k of the NBD for T. imbutiforme was higher than 1.

The predicted threshold of parasite-associated mortality for T. imbutiforme was ap-
proximately 3-4 metacercariae per fish in the pre-mortality period. Most studies using
Crofton’s truncation technique only provide a prediction of the number of heavily infected
hosts that should have theoretically existed before death (Royce, Rossignol, 1990). Because
the fish age was known, we were able to compare the pre and post-mortality distribution
of T. imbutiforme in juvenile fish of L. haematocheilus. Results of this comparison are con-
sistent with the previous assumption, indicating that parasite-induced host mortality may
occur even in lightly infected fish, as the post-mortality fitted curve lowers out beginning
at the level of 3-4 parasites per fish. Wild populations typically have only a small percent-
age of hosts that occur above the truncation point and hence parasite-associated mortality
seldom threatens an entire population (Ferguson et al., 2011). Most of fish in the age range
of 2-6 months old (67 %), however, were below this threshold level indicating that the
largest portion of zero year fish population was affected by T. imbutiforme. The threshold
for parasite-associated mortality indicates the level of infection where mortality begins to
occur, but due to the dynamic nature of the process not every fish will die from infection at
the tested time point (Adjei et al., 1986; Ferguson et al., 2011). Nevertheless, analysis of the
pre and post-mortality distribution of metacercariae in juvenile fish indicates that 55 % of
the fish stock of L. haematocheilus dies during a year beginning from December. This is re-
flected by the absence of heavy infections in 1+ -2+ year old fish. In comparison, there were
only 3 of 73 (4 %) fish in age of 1+ -2+ year old with infections above this level, suggesting
that fish surviving to this age are significantly less presented among zero year old juveniles.

Age-related behavioural changes in older fish also may affect a metacercaria burden
in L. haematocheilus. Fry and early juvenile fish prefer shallow waters while older juveniles
migrate to deeper waters that prevent infection by the metacercariae. The other behaviour
change is juvenile spillover from the Molochny Estuary to neighbouring waters of the Obi-
tochna Bay of the Sea of Azov, where fish find comfortable temperatures and oxygen in
deeper waters of the Sea of Azov. Our samples reflect this pattern of the fish behaviour for
older juvenile age groups (table 1). Mixed samples may affect results of the analysis, because
those could potentially represent mixed fish stock, but we estimate such probability to be a
rare event for 1997-1999. Naturalization of L. haematocheilus in the Sea of Azov is close-
ly related with the Molochny Estuary where the first high-yield natural generations were
born at the end of 1980th and beginning of 1990th (Yanovsky, Izergin, 1998; Sabodash, Se-
menenko, 1998; Solod, Diripasko, 2012). In the middle of 1990th eggs and yearly-juvenile
stages were registered in the Sivash Lake and the Taganrog Bay (Yanovsky, Izergin, 1998;
Nadolinskiy, 2008). But the effectiveness of reproduction and the stock recruitment of the
so-iuy mullet in the Sea of Azov remain to be recognized in the Molochny Estuary thanks
to its optimal salinity for the larval development (Solod, Diripasko, 2012).

A. (P.) longa was also indicated to be associated with host mortality but much less so than
T. imbutiforme. Our study of the age dynamics of A. (P.) longa revealed two peaks with the sub-
sequent sharp decline in both the epidemiologic parameters and the over-dispersion pattern. The
truncation model indicated that juvenile fish with at least 45 metacercariae per host can survive.
These observations indicate that some mortality may occur in juvenile fish, but it affects only
heavily infected fish, that did not exceed 4 % of all. Highly aggregated distribution of A. (P.) longa
in L. haematocheilus requires more data to evaluate results of the truncation analysis.
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The parasite-related mortality in juveniles of the so-iuy mullet is most likely indi-
rect. Parasite infection was found to affect host condition and survival rate (Francova,
Ondrackovd, 2013). Few zero year dead fish were found floating along the water’s edge
(about 6-8 fish per 100 meters) near Kyrylivka village at the end of November 1998 after
the first frosts. Combination of high winds and shallow water can alter water temperatures
as much as 3 °C within a day (Bolshakov, 2013). Examined 15 dead fish were infected by
T. imbutiforme in a range from 11 to 75 metacercariae per host. These fish were also infected
by other parasites common to the fish age (Sarabeev, Domnich, 2000) that prevents conclu-
sion about mortality source. No inflammation or malformations were detected in dead fish
indicating that parasite infections might reduce fish survival in case of the environmental
stress. Age and temperature-related die-offs have also been shown in other studies of fish
parasites (Khan, 2009). Another key factor affecting fish stocks in the Molochny Estuary
is the oxygen depletion that may occur at winter due to ice covering and summer as result
of high temperature and decomposition of plant residues. The oxygen depletion was also
considered as a cofactor affecting mass mortality of L. haematocheilus in the Molochny Es-
tuary that occurred in 1996 (Demchenko, 2004). The mortality rate of infected fish is always
much higher than uninfected due to predation (Lafferty, Morris, 1996). The Molochny Es-
tuary is an important area for both breeding and migrating birds (Directory... , 2006) and
since 2010 it is included in Pryazovskyi National Wildlife Park that could provide a source
of various fish-eating birds to prey upon fish in the estuary.

In conclusion, we have shown that the relationships between host age and parasites
are highly complicated and involve the interplay of several processes. These processes
can include the local variation in environmental conditions (yearly and seasonal changes
in temperature, salinity, dissolved oxygen concentration), the richness and abundance
of local assemblages, the host resistance (behavioral defense) and mortality. Our results
suggest that metacercariae, especially T. imbutiforme, are associated with mortality of
juvenile so-iuy mullet. However, whether this parasite associated mortality is additive or
compensatory remains under a question mark. We stress the importance of parasites as a
limiting factor for the introduced population of so-iuy mullet in the Sea of Azov. The cur-
rent spawning area of L. haematocheilus includes the Taganrogsky Bay, the Sivash Lake
and the lower reach of the Don River (Yanovsky, Isergin, 1998; Solod, Diripasko, 2012)
and our analytical techniques could be applied to these water areas. Important practical
implications can be derived from the results of the present study. First, as parasite-related
mortality observed among high-yield stocks of L. haematocheilus, there is reason a) to
regulate a quantity of the spawner stock in the Molochny Estuary to escape overcrowd-
ing of the spawning area and decrease the parasite transmission rate, and b) to catch
juvenile fish from wild population for their further growing in aquaculture following
recommendations of Sabodash and Semenenko (1998). Second, as the metacercaria in-
fection rapidly increased in zero year old juveniles those should be removed from natural
environment in early juvenile age, preferably in the summer season, and reintroduced in
marine or brackish reservoirs.
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2007-2014. The present study is benefited by financial support from ELECTRA scholarship #1300424, Erasmus
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