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ABSTRACT: Species composition and diversity of dactylogyrids were compared on gills of wild and cultured goldfish
(silver crucian carp) Carassius auratus from 3 naturally populated lakes and 3 stocked aquaculture ponds in the
Hubei province of China to examine the differences in the gill parasite community between these natural and farmed
waters. Of the 7 Dactylogyrus spp. detected, all were found in lakes and 5 in ponds, with Dactylogyrus inexpectatus
and Dactylogyrus anchoratus being absent from ponds. No significant correlation was found between the species
richness and habitat area or host size, nor was there a significant difference in mean species richness between lakes
(0.41-0.65) and ponds (0.30-0.76). Brillouin’s diversity in lakes (0.049-0.067) was higher than that in ponds (0.024—
0.046), but not significantly so. Although the diversity of parasite communities was higher in wild goldfish, higher
mean abundance of some Dactylogyrus spp. was found in cultured goldfish. Based on Bray—Curtis similarity, it was
difficult to differentiate parasite communities in lakes from those in ponds at the infracommunity level, whereas the 3
lakes and Guangiao pond differed markedly from the remaining 2 ponds at the component community level.
Although infracommunities differed among waterbodies, no effects of fish length or waterbody type were found on
infracommunity or component community structure. Together, these results suggest that abundance and species
richness of Dactylogyrus spp. on goldfish in lakes and farm ponds are influenced by habitat-specific environmental

factors.

Parasites that cause little apparent damage in fish populations
under natural conditions may become causative agents of diseases
in farmed fish (Scholz, 1999). Even in natural parasite commu-
nities, mean abundance and prevalence are usually dependent on
host density (Arneberg et al., 1998). In intensive fish farming, high
fish density and environmental stress, including low dissolved
oxygen, increased pollutant levels, and accumulation of metabolic
waste products, can reduce the immunological capabilities of
farmed fish, rendering them more susceptible to some parasites
(Thoney and Hargis, 1991). In several studies of monogeneans,
prevalence and abundance were higher on farmed fish than on
wild fish, including in 6 Cichlidogyrus spp. on cultured Oreochro-
mis niloticus, Pseudorhabdosynochus epinepheli on cultured
grouper Epinephelus malabaricus, Diplectanum grouperi on
cultured groupers Epinephelus spp., 3 of 4 species on cultured
brown-marbles grouper Epinephelus fuscoguttatus, and 1 of 3
Gyrodactylus spp. on farmed Atlantic cod Gadus morhua (Leong
and Wong, 1988; Luo et al., 2010; Riickert et al., 2010; Heuch et
al., 2011; Ibrahim and Soliman, 2011).

Metazoan ectoparasite abundance and community structure in
fish are affected by host traits such as body length, age, and
immunocompetence (Koskivaara et al., 1991; Rohde et al., 1995;
Lo et al., 1998). Environmental factors such as latitude, depth,
season, temperature, habitat, eutrophication, and pollution also
affect helminth ectoparasite community structure and abundance
(Koskivaara, 1992; Koskivaara and Valtonen, 1992; Rohde et al.,
1995; Rohde and Heap, 1998; Simkova et al., 2001; Knipes and
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Janovy, 2009). Parasite community structure may also be affected
by habitat area and geographic distance (Locke et al., 2012;
Zelmer, 2014). These studies suggest there may be differences in
the diversity of monogenean communities between wild and
farmed fish, possibly due to differences in environmental
parameters.

The goldfish (silver crucian carp) Carassius auratus is one of the
most common fish in lakes in the lower and middle reaches of the
Yangtze River in China. The goldfish has also been widely farmed
in ponds in the past 30 yr. Dactylogyriasis (caused by
dactylogyrid monogeneans) is one of the most serious parasitic
diseases in intensive carp aquaculture (Molnar, 1971). However,
under natural conditions, infections of Dactylogyrus spp. cause
little apparent damage or mass mortality of carp. To date, 8
species of Dactylogyrus in total have been reported from goldfish
in China (Chen, 1973). Herein, we compared the species
composition, richness, and diversity of dactylogyrid communities
in wild and farmed goldfish, while testing for effects of certain
extrinsic (habitat area, geographic proximity) and intrinsic (host
size) factors that often affect species richness and community
structure.

MATERIALS AND METHODS
Sampling localities

Wild goldfish were collected from 3 lakes in November 2013:
Chenhu Lake and Wuhu Lake in Wuhan City and Liangzi Lake
in Ezhou City. In the same month, cultured goldfish were
obtained from 3 ponds in 3 fish farms in Shishou (Jingzhou City),
Guangiao (Wuhan City), and Yingshan (Huanggang City). All
goldfish were caught by gill net, and all the sampling localities are
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FiGure 1.

Sampling localities of the goldfish (Carassius auratus) in 3
lakes and 3 ponds in the floodplain of the Yangtze River in Hubei
province of China.

located in the floodplain of the Yangtze River in Hubei province
(Fig. 1). The 3 lakes are typically shallow (less than 3 m) and
macrophytic, and they range in area from 22 to 482 km? (Table I).
All ponds had a surface area of 0.01 km? (Table I). Only goldfish
were stocked in Guangiao pond, whereas the remaining 2 ponds
were inhabited by mixed cultures with grass carp (Ctenophar-
yngodon idella) and silver carp (Hypophthalmichthys molitrix),
which are incompetent hosts to Dactylogyrus spp. from goldfish.
The goldfish fry stocked in ponds were obtained by artificial
reproduction from the local fish hatchery. Farmed fish with the

same density of about 2 to 3 fish/m? were fed with large amounts
of formula feed in the 3 ponds. Blooms of blue-green algae were
observed in these ponds, indicating eutrophication. Based on the
visible blooms and water color, the trophic state in the 3 ponds
was markedly higher than in the 3 lakes. There was no connection
among the 6 waterbodies by water source. No anthelmintic was
used in any of the systems during the study.

Parasitological examination

At least 50 goldfish (50-152) in each sampling locality were
transported alive to a nearby field laboratory within 1 hr and then
euthanized. Fork length was measured to the nearest millimeter,
and the gills were examined for monogeneans within 24 hr of
collection. Dactylogyrus spp. were identified and the number of
each species was recorded. Identification was based on sclerotized
parts of the haptor (anchors, connective bars, marginal hooks)
and reproductive organs (male copulatory organs) (Gusev, 1985)
by using a stereomicroscope and a compound microscope.

Data analysis

Prevalence is defined as the number of goldfish infected with
Dactylogyrus spp. divided by the total number of goldfish sampled,
expressed as a percentage. Mean abundance is the average number
of parasites of a given species found in a host population in a
sampling locality (Bush et al., 1997). The dactylogyrid communities
were analyzed at the infracommunity level (all individuals of all
parasite species in a single host) and component community level

Table 1. Prevalence and mean abundance * SD of Dactylogyrus spp. on gills of Carassius auratus in 3 lakes and 3 ponds in the flood plain of the Yangtze
River in Hubei province of China. The bold text indicates the highest value of the dactylogyrid among the 6 sampling sites. — means the parasite was

absent.
Liangzi Lake Chenhu Lake Wuhu Lake Shishou pond Yingshan pond Guangiao pond
Habitat area (km?) 482 116 22 0.01 0.01 0.01
Mean fish length = SD 13.64 = 1.82 13.43 = 6.33 18.83 = 2.56 17.57 = 3.69 13.31 £ 1.92 12.75 = 1.58
D. vastator
Prevalence (%) 16.45 3.39 — 29.29 3.70 16.67
Mean abundance £ SD 0.34 = 1.24 0.03 £0.18 0.55 = 1.26 0.04 £ 0.19 0.18 + 0.43
D. arcuatus
Prevalence (%) 11.18 — — 9.09 7.41 3.33
Mean abundance = SD 0.30 = 1.33 0.12 = 0.41 0.11 £ 0.42 0.05 £ 0.29
D. intermedius
Prevalence (%) 22.37 10.17 36.54 5.05 3.70 3.33
Mean abundance * SD 0.93 = 3.02 0.32 = 1.25 1.44 = 3.52 0.06 = 0.28 0.04 = 0.19 0.03 = 0.18
D. baueri
Prevalence (%) 1.97 — — — 12.96 —
Mean abundance = SD 0.03 = 0.20 0.20 = 0.59
D. formosus
Prevalence (%) 8.55 16.95 15.38 2.02 1.85 53.33
Mean abundance = SD 0.16 = 0.66 0.64 = 2.12 0.31 = 1.06 0.02 = 0.14 0.02 = 0.14 143 = 2.29
D. inexpectatus
Prevalence (%) 2.63 8.47 3.85 — — —
Mean abundance = SD 0.03 £ 0.16 0.12 £ 0.46 0.04 = 0.19
D. anchoratus
Prevalence (%) — 1.72 9.62 — — —
Mean abundance = SD 0.02 = 0.13 0.25 = 0.81




Table II. Community characteristics of Dactylogyrus spp.

Hubei province of China.
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on gills of Carassius auratus in 3 lakes and 3 ponds in the floodplain of the Yangtze River in

Liangzi Lake Chenhu Lake Wuhu Lake Shishou pond Yingshan pond Guangiao pond

Sample size 152 59 52 50 54 60
Infracommunity level

Mean species richness/fish = SD 0.63 = 0.84 0.41 = 0.79 0.65 = 0.71 0.45 = 0.66 0.30 = 0.43 0.76 = 0.69

Brillouin index = SD 0.067 * 0.164 0.049 * 0.145 0.056 * 0.143 0.029 + 0.111 0.024 * 0.103 0.046 * 0.133

Evenness = SD 0.083 * 0.197 0.063 = 0.180 0.080 = 0.207 0.039 = 0.141 0.028 + 0.119 0.062 = 0.174
Component community level

Number of species 6 5 4 4 5 4

Berger—Parker index 0.52 0.57 0.70 0.73 0.50 0.84

Dominant species D. intermedius D. formosus D. intermedius D. vastator D. baueri D. formosus

(all individuals of all parasite species in a host species in a sampling
locality) (Bush et al., 1997). Mean species richness was calculated as
the mean number of parasite species per fish in each locality.
Diversity at the infracommunity level was measured as Brillouin’s
index and evenness (H/H.x, Where H is the Brillouin’s index and
H,,. is the maximum possible diversity for a given number of
parasite species and individuals) (Washington, 1984). Similarities of
dactylogyrid communities between individual fish (only infected
hosts) were compared within and between locality and waterbody
types (for infracommunities) and between localities and component
community types (for component communities). Dominance was
measured by the Berger—Parker index at the component commu-
nity level.

Correlations between mean species richness and waterbody
surface area, as well as between infracommunity species richness
and host body size, were analyzed by Spearman’s rank correlation
analysis. Differences in mean species richness, evenness and
Brillouin’s diversity between lakes and ponds were tested using
analysis of covariance, with fish length as a covariate. Statistical
analyses were carried out using STATISTICA 10.0 (StatSoft Inc.,
Tulsa, Oklahoma). Non-metric multidimensional scaling was
performed with Primer-E 7 to visualize Bray—Curtis similarity
of Dactylogyrus communities. Infracommunity differences among
waterbody types (lake vs. pond) were tested in permutational
multivariate analysis of variance (PERMANOVA) with 9,999
permutations, with locality nested within lake and fish length as a
covariate. Statistical significance was as o < 0.05.

RESULTS

Seven species of were found in the goldfish from the 6
localities, i.e., Dactylogyrus vastator, Dactylogyrus intermedius,
Dactylogyrus arcuatus, Dactylogyrus baueri, Dactylogyrus for-
mosus, Dactylogyrus inexpectatus, and Dactylogyrus anchoratus.
Prevalence and mean abundance of all the Dactylogyrus spp.
were not high in any of the localities. The highest prevalence
(53.33%) and mean abundance (1.43) in ponds was for D.
formosus in Guangiao pond, whereas the highest prevalence
(36.54%) and mean abundance (1.44) in lakes were for D.
intermedius in Wuhu Lake. Four species were found in at least 4
localities, but 2 species (D. inexpectatus and D. anchoratus) only
occurred in lakes (Table I).

Although 4-6 species of Dactylogyrus were found in each
locality, the maximum infracommunity species richness was 3, in

5 of 6 localities (Table II). No significant correlation was found
between species richness and habitat area or host size (R=0.03, df
=476, P =0.95 and R =0.22, df =476, P = 0.55, respectively).
Mean species richness was highest in Guangiao pond (0.76) and
lowest in Yingshan pond (0.30) (Table II). There was also no
significant difference in mean species richness between lakes
(0.41-0.65) and ponds (0.30-0.76) (F=0.10, df =5, P=0.77). The
Brillouin’s index in lakes (0.049-0.067) was higher than in ponds
(0.024-0.046), but not significantly (F = 6.79, df =5, P = 0.07),
with the highest in Liangzi Lake (0.067) and the lowest in
Yingshan pond (0.024) (Table II). The evenness in lakes (0.063—
0.083) was also higher than in ponds (0.028-0.062), but not
significantly (F = 5.50, df =5, P =0.10).

Berger—Parker dominance ranged from 0.52 to 0.70 in lakes and
from 0.50 to 0.84 in ponds; dominance was highest in Guangiao
pond and lowest in Yingshan pond (Table II). Dactylogyrus
intermedius was the dominant species in Liangzi Lake and Wuhu
Lake, D. formosus in Chenhu Lake and Guangiao pond, D.
vastator in Shishou pond, and D. baueri in Yingshan pond (Table
II). Based on the Bray—Curtis similarity at the infracommunity
level, it was difficult to differentiate parasite communities in lakes
from those in ponds (Fig. 2A). A PERMANOVA revealed
infracommunities differed across waterbodies, but no main effect
was observed for fish length or waterbody type (Table III). At the
component community level, the 3 lakes and Guangiao pond
differed markedly from the remaining 2 ponds (Fig. 2B). There was
no relationship between the resemblance of parasite component
communities and their physical proximity (Rho =0.354, P=0.149).
For example, component communities were not particularly similar
between Guangiao pond and Wuhu Lake, although they were the
closest localities (32 km apart, see dendrogram in Fig. 2B).

DISCUSSION

Overall, our results showed no effect of habitat area,
geographic distance or host size on species richness of dactylo-
gyrids on goldfish, with only limited differences in community
structure between lakes and farm ponds. Prevalence and
abundance of dactylogyrids varied among lakes and ponds, being
highest in ponds for 3 of the 5 species. Mean infracommunity
richness was similar between lakes and ponds, and there was also
no significant correlation between mean species richness and
habitat area. At the component community level, 7 species were
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FiGure 2. Non-metric multidimen-
sional scaling of ranked resemblance

among Dactylogyrus communities in
goldfish (Carassius auratus) collected
from in the floodplain of the Yangtze
River in Hubei province of China,
based on (A) Bray—Curtis similarities
among 195 infracommunities (stress =
0.07) and (B) 6 component communi-
ties (stress = 0.01). Legend beside (A)
shows origin of infracommunities.
Black points in (B) are ponds and gray
points are lakes. Dendrogram in (B) is
computed from geographic distances
among localities, and point sizes are
scaled to the log of the surface area of
the waterbody. Point size of the aqua-
culture ponds was arbitrarily increased
for ease of visualization.

found in lakes but 5 species in ponds, with D. inexpectatus and D.
anchoratus being absent from ponds.

Usually, species richness is positively correlated to habitat area
due to larger host population size in larger habitat areas (Zelmer,
2014). Larger habitat areas support more host species, and host
species richness is often positively correlated with parasite species
richness (Wood and Johnson, 2016). More diverse parasite species
composition found in crucian carp (Carassius carassius) in lakes
than in ponds was attributed to increased opportunities for
parasite exchange with other fish species (Karvonen et al., 2005).
The 3 lakes in the present study were much larger in area and
contained much greater fish diversity than the 3 ponds. However,
there was no significant difference in mean species richness, or any
form of parasite community resemblance, between lakes and
ponds, nor any correlation between habitat area and species

richness. First, the lack of a species—area relationship may be due
to the strong host specificity of the dactylogyrids. Although more
than 50 fish species have been recorded in these lakes (Zhang et
al., 2008), which may increase opportunities for parasite exchange
with other fish (Karvonen et al., 2005), the goldfish dactylogyrids
are highly host specific and do not infect other fishes in the lakes
(Chen, 1973). Second, the higher host density in ponds may also
be responsible for the absence of a species—area relationship, as
host population density is strongly positively correlated to species
richness of directly transmitted parasites (Arneberg, 2002). The
component species richness in ponds (5 dactylogyrid species) was
lower than in lakes (7 species) because the goldfish stocked in
ponds were obtained by artificial reproduction from a local fish
hatchery and there was no connection among the 6 waterbodies
by water source. However, the higher density of goldfish in ponds

Table III. Permanova analysis of Bray—Curtis resemblance among 195 infracommunities of Gyrodactylus on Carassius auratus from 3 aquaculture ponds

and 3 natural lakes in Hubei province, China.

Source of variation Degrees of freedom Sum of squares Mean sum of squares Pseudo-F P
Fish length 1 27640 27640 1.4294 0.23
Waterbody type 1 51698 51698 1.2614 0.3197
Waterbody (nested in waterbody type) 4 98895 24724 8.5648 0.0001
Residual 188 5.369 X 10° 28856.7
Total 194 7.152 X 10°




(2 to 3 fish/m®), which is obviously greater than in lakes,
undoubtedly contributes to transfer of parasites among goldfish
and increases species richness in ponds at the infracommunity
scale. Thus, the higher infracommunity species richness main-
tained by the higher host density may weaken the influence of
small area in fish ponds. In addition, the lack of a species—area
relationship may be attributed to the limited colonization
potential of autogenic parasite species (Fellis and Esch, 2005),
such as the monoxenous dactylogyrids.

Host size, as habitat for the parasite, is the most common
correlate of infracommunity species richness of parasites, as
increasing age and vagility increases the probability of colonization
by new parasite species (Zelmer, 2014). In this case, diet breadth
does not apply as dactylogyrids are directly transmitted. A positive
relationship between host size and species richness is also found in
monogenean communities (Guégan et al., 1992), which is explained
by the hypothesis that larger host body size increases host vagility,
which in turn enhances exposure to more and more infective
oncomiracidia (Sasal et al., 1997). Lo et al. (1998) also found a
positive relationship between host size and adult ectoparasite
diversity on the gills of 2 species of reef fish. In the present study,
however, no significant correlation was detected between host body
size and infracommunity species richness, which may be due to the
limited range of goldfish with schooling behavior. Increasing age
and time for colonization would not apply either, as dactylogyrids
have limited lifespan and species do not necessarily accumulate
over time. Similarly, in fathead minnows (Pimephales promelas)
there was no relationship between infections of Dactylogyrus spp.
and host size (Knipes and Janovy, 2009).

The Brillouin diversity is determined by both the number of
parasite species and individuals (Pontasch and Brusven, 1988).
Evenness correlates negatively with parasite abundance in fish
hosts (Poulin, 1996; Norton et al., 2003). Thus, although some
Dactylogyrus spp. have a higher prevalence and mean abundance
in the 3 ponds, the evenness of parasite community was
comparatively lower, which may result in lower diversity in
ponds. Nevertheless, it should be reiterated that the difference was
not significant.

Although higher host density contributes to higher prevalence
and abundance of monogeneans (Johnson et al., 2011), higher
infection levels of some dactylogyrids may be due to the extreme
environmental conditions in the ponds. Furthermore, in this study,
infracommunity and component community structure (species
composition and abundance) differed among all habitats, but
these differences were not affected by fish size, waterbody type, or
geographic distance. Thus, habitat-specific effects unmeasured in
this study may contribute to differences in parasite community
structure. Similar results were obtained for dactylogrids in fathead
minnows (Knipes and Janovy, 2009). Usually, transmission of fish
monogeneans is affected by environmental factors (Koskivaara,
1992; Dusek et al., 1998). In cultured fish ponds, physiochemical
parameters are often abnormal, including extremely high eutrophic
levels, high ammonia nitrogen concentration, and low water
transparency (Pechar, 2000). For example, mean abundance of
Dactylogyrus spp. is higher on gills of crucian carp in some ponds
with hypoxia and low pH (Karvonen et al., 2005). In addition,
diversity of dactyogyrids on roach (Rutilus rutilus) was the highest
in a polluted, eutrophic lake compared with that of other lakes
(Koskivaara and Valtonen, 1992). These environmental extremes
may contribute to the differences in diversity and evenness between
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ponds and lakes. The implication of unmeasured factors here is
strengthened by the lack of effects of geographic proximity, which
often affects parasite community structure (Locke et al., 2012),
including endoparasites in Cyprinus carpio in the same region as in
our study area (Nie et al., 1999; Poulin and Morand, 1999).
Together, these results suggest that abundance and species richness
of Dactylogyrus spp. on goldfish in lakes and farm ponds are
influenced by habitat-specific environmental factors.

Among the 3 ponds with the same high fish density, mean species
richness and Brillouin diversity index were both the highest in
Guangiao pond. Given that it is a monoculture in Guangiao pond
but multi-species in the other 2 ponds, a dilution effect resulting
from the presence of high densities of incompetent hosts may have
played a role in reducing infection levels in mixed-species ponds
(Johnson and Thieltges, 2010; Johnson et al., 2013). Whether the
dilution effect can reduce transmission of dactylogyrids with high
host specificity in fish polyculture, a common and traditional
aquaculture model in China, needs to be confirmed by further
experiments as a potential means to control dactylogyriasis.
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