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Abstract: This work focused on Diplectanum aequans, a gill parasite of European seabass Dicentrarchus labrax.
The analyses allowed us to detect factors regulating parasite distributions on Corsican fish farms and to
highlight the ecological structure of D. aequans communities on gills of fish. The study of parasite distribution
showed that bigger fish appear more parasitized and that the infection dynamics of D. aequans can be explained
by several factors such as biotic factors or farm environment conditions. The study of gill repartition of D.
aequans showed that parasites tend to have a homogeneous distribution with no statistically significant
difference in infection between the two sides of fish. However, the distribution of the number of parasites on
gill arches varied according to the total number of parasites. The results differ depending on infection degree
and host weight. When parasites are numerous, the individuals are distributed on the gill arches according to
an anterior-posterior gradient, while with low rates of infection, the parasites are randomly distributed on the
four arches. The spatial distribution of D. aequans appears to be determined by the differential action of water
flow through the gill arches and the sizes of anterior arches. We also proposed a tool to reduce sampling effort
and allow optimal exploitation for fish farmers.

Keywords: aquaculture; disease control; Monogenea; Plathyelminths; population dynamics;
ecological study; sampling effort

Introduction

Cultured marine fish species represent a considerable economical source in the Mediterranean
area (Lanza et al. 2017; Massa et al., 2017; FAO 2020). However, infectious diseases are the main
impediment to the development of aquaculture and are often the most significant cause of economic
losses (Lafferty et al. 2014; Behringer et al. 2020).

The European seabass Dicentrarchus labrax (Linnaeus, 1758) is the most important cultured
marine fish species raised in Corsica, which is the first French region to produce adult fish from
mariculture. The production cycle of D. labrax is well known and differs from the other countries. All
stages of the fattening cycle are done in marine cages and fishes receive no antibiotic treatment during
their lifetime (Mare & Stagni Corsi 2011). Corsican fish farmers use marine cage farming and have
chosen to adhere to a sustainable aquaculture policy since 2006 (low densities, no antibiotic
treatments, longer breeding time). Marine cage culture has several advantages compared to intensive
farming because fish evolve in an environment close to the natural environment. However, disease
outbreaks caused by pathogens, including monogenean flatworms, can occur extremely rapidly,
resulting in a reduction of fish health or significant mortalities over a very short time. Massive
infections have already been observed in fish farms from the Mediterranean basin and heavy
mortalities were also reported in Corsican fish farms (Lia et al. 2007; Merella et al. 2009; Ternengo et
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al. 2010). These phenomena also pose a threat to wild fish stocks. Marine cages allow free movement
of pathogens between wild and cultured fish and parasitic transfers can occur. Sea cages hold fishes
for months in the same location and parasite populations may grow exponentially and release
pathogens back into the environment shared with wild fish (Bergh 2007; Costello 2009).

Earlier studies have shown that D. labrax can be a long-term host of the genus Diplectanum,
especially Diplectanum aequans (Wagener, 1857) Diesing 1858 (Monogenea, Diplectanidae). It was
identified on the gills of cultured fish from 48 Mediterranean countries (Bragoni et al. 1984; Dezfuli
et al. 2007; Antonelli 2010; Antonelli and Marchand 2012: Muniesa et al. 2020). Diplectanum aequans
are known to have negative effects on their hosts (Cecchini et al. 1998; Massimo et al. 2022), and can
be responsible for extensive mucus hypersecretion and swelling, especially on the apical portions of
the secondary gill lamellae. This effect is revealed by hyperplasia and haemorrhage of the gill tissue
at the site of helminth attachment (Bragoni et al. 1984; Merella et al. 2006). In addition, chronic
infections make fish more vulnerable to environmental conditions and more susceptible to secondary
pathogens. Some individuals, weakened by parasitic infection, may provide a breeding ground for
secondary bacterial infections or viruses. Monogeneans can also be responsible for a mechanical
blockage of water flow and gas exchange due to the entangled mass of flatworms causing severe
respiratory disturbances leading to fish death (Ternengo et la. 2010). In our previous studies, we
highlighted seasonal variations in D. aequans distribution and host-age-dependent occurrences of
parasites. Diplectanum aequans had the highest biological parasitic indices in winter and fall, and the
oldest fish appeared to be more parasitized (Antonelli 2010; Antonelli et al. 2012).

This work is important for sustainable aquaculture and the objectives are to exchange
knowledge and pool research efforts with Corsica fish farmers, contributing to the development of a
blue economy, respectful of ecosystems and their biodiversities. Specifically, the objectives are: (i) to
establish a comparison between two parasitological surveys with a ten-year interval to understand
the variation of D. aequans populations, (ii) to analyse the organisation of monogenean populations,
(iii) to study gill repartition of monogeneans and determine gill micro-habitat according to
preferential gradients and (iiii) to purpose a predictive tool that would reduce sampling effort and
allow optimal exploitation for fish farmers.

Materials and Methods
Fish Sampling and Parasite Examination

Two separate parasitological surveys were conducted in 2007-2008 and 2019-2020 on three
Corsican fish farms. Among the fish intended for sale and consumption, we recovered a total of 430
common sea bass D. labrax for analysis. We sampled ten specimens per season from farm 1 and farm
2, and five to ten specimens from farm 3. This sample was valid for both study periods. The names
of the fish farms are not included for confidentiality; each farm is designated by a number (Figure 1).
The fish were collected from the marine cages of the fish farms and immediately killed by fish farmers
before utilization. Approval from the Ethics Committee of the Research Ministry was not necessary
because the fish collected were fishery products for sale and they were not specifically killed for the
study. The fish were placed individually in plastic bags after fishing and maintained on ice until
dissection.
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Figure 1. Locations of Corsican fish farms studied.

Before dissection, biometrical measures (weight, length), sex and maturity stage of each
specimen were recorded. Body surface (skin, fins) and gill cavities were observed.

Gill arches were carefully removed and studied in fresh conditions. Arches were separated (four
right, four left), immersed in Petri dishes containing 37%o NaCl solution and individually examined.
Once the general observation was complete, the gill filaments were “combed” using fine pliers to
remove mucus. This mucus was then distributed in the petri dish to facilitate the search for parasites.
To have consistent and significant results we collected our samples from the same cages at each farm
throughout the study. This allowed us to have regular monitoring of the same cage during the
seasons. Parasites were examined alive, fixed in 75% ethanol solution, labelled and stored in the
laboratory collection. Parasite determination was made using a light microscope according to
morphological descriptions done in previous studies (Oliver 1976; Antonelli 2010).

Measurements of water temperature were collected daily from fish farmers (public data). A
seasonal mean temperature was calculated for each farm (Table 1).

Table 1. Mean seasonal temperatures (T) recorded during parasitological surveys (°C). W: winter, S:
spring, Su: summer, A: autumn.

Farm 1 Farm 2 Farm 3 Mean T (°C)
2007 W 14.2 14.1 14.1 14.13
S 17.1 20.3 20.6 19.33
Su 255 224 24.3 24,1
A 17.7 21.7 21.5 20.3
Mean T (°C) 18.63 19.63 20.13
2008 W 13.7 13.5 13.3 13.5
S 18.8 20.5 20.8 20.03
Su 24.8 24.9 24.8 24.83
A 21 20.4 22.6 21.33
Mean T (°C) 19.6 19.8 20.4
2019 W 14 14.5 14 14.2

S 15 18.1 19.8 17.63
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Su 26 26.2 282 26.8
A 21 23.1 24 227
Mean T (°C) 19 205 215
2020 W 14 14 15.7 14.6
S 18 19 19.6 18.9
Su 25 28 27 26.7
A 18 24 23.8 21.9
Mean T (°C) 18.8 213 215

Statistical Analyses

Parasite distribution was studied by season for all sampling years. The levels of parasite
infection expressed as prevalence (proportion of infected hosts), abundance (mean number of
parasites of infected fish) and mean intensity (mean number of parasites of infected hosts) were
calculated and applied according to Bush et al. (1997). Comparison of prevalence values according to
seasons were performed with a chi-squared test (x?) using R software. A non-parametric Mann-
Whitney U test (two groups) and Kruskal-Wallis test (more than two groups) were used to test
statistical significance differences in mean abundance and mean intensity of parasites according
seasons to determine the influence of host weight (and length) on D. aequans distribution and to
compare parasite distribution on gill arches (Dagnelie 1975; Sprent 1992). Four weight classes (g)
were determined according to dispersion measures: WFS1 (100-250), WFS2 (260-450), WES3 (460—
650), WES4 (> 650). They include fish from the lightest (WFS1) to the heaviest (WFS4). The four
quartiles are constituted by 25% (107 or 108 specimens) of the total number of fish (430 specimens),
and parasitic indices were compared.

The level of significance for all statistical tests was set at p<0.05. Calculations were performed
using Systat 12 and Xlstat 2021.2.2.

Linear models and convergence equations were used to describe differences in parasite loading
between gill arches using Python 3.5.2 (numpy 1.18.1, pandas 0.24.2).

Results

During the study, we collected a total of 8,609 monogeneans. Diplectanum aequans was the only
monogenean species identified on gill arches of cultured sea bass used for this work. Parasites
occurred in all farms during all the years studied.

Distributions of D. aequans in Host Populations

First, we highlight the link between the weights of fish and the parasite load. A linear curve
model allowed us to distinguish four quartiles based on fish length and weight (Figure 2).

Figure 2. Relationship between fish weight (g) and length (cm).
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Prevalence values of parasitized fish are more important in WFS2 and WES3 (Table 2). However,
abundance and mean intensity values revealed an increase from the group constituted by the lightest
fish (WFS1) to the group constituted by the heaviest fish (WFS4) despite a large standard deviation
(Table 2).

Table 2. Parasitological indices of D. aequans found on D. labrax of Corsican fish farms.

Fish group (Weight (g)) N fish/group (%) Prevalence (%) Mean abundance Mean intensity
(= SD) (= SD)
WES4 (> 650) 108 (25%) 75 21.4 (+21.7) 24.1 +(22.8)
WES3 (451-650) 107 (25%) 81 19.5(x 21.7) 21.3 +(22.6)
WES2 (251-450) 107 (25%) 79 19.1 (£ 21.8) 21.1+(22.8)
WFEFS1 (100-250) 108 (25%) 66 14.6 (£19.8) 17.2 £(21.3)

A comparison of the level of parasitic infection was made between the 2007-2008 and 2019-2020
periods for each farm. The following results show greater numbers of parasites during the second
period (2019-2020) except for farm 3.

Farm 1 (Figures 3A, 3B). Values of prevalence of infected fish varied from 80 to 100% during all
seasons of survey periods. These values were significantly higher during the 2019-2020 period with
the increase being statistically significant (x? p<0.05) (Table 3). During the first period (2007-2008),
the highest mean abundance and intensity values were recorded during late autumn and winter
months, with a peak infection occurring every other winter. In contrast, the second period highlights
the highest rates of infection in winter and summer. The Mann-Whitney U test showed significant
differences between the two survey periods (p<0.05) (Table 3).

Farm 2 (Figures 3C, 3D). Cumulative prevalence values over the two survey periods ranged from
60 to 100 and followed the same trend with no statistical difference (x? p>0.05) (Table 3). The highest
mean abundance and intensity values were recorded during the winter months in 20072008, while
results of the second period revealed the highest rates of infection during the summer, but these
differences were insignificant (Mann-Whitney U test, p>0.05) (Table 3). The values observed in
summer 2019, with a higher peak, are higher than in summer 2020, and show variability in intensity
from one year to another.

Farm 3 (Figures 3E, 3F). Prevalence values ranged from 33 to 100%, with curves that followed
almost the same trend except for spring 2019-2020. Significant differences between prevalence values
of the two periods were revealed (x2 p<0.005) (Table 3). The highest mean abundance and intensity
values were observed in autumn and winter during the first period (2007-2008) where the lowest
were recorded in spring. The second period follows the same trend with a parasitic peak shifted from
winter to spring in the second year. No statistical differences were observed between the two periods
of the survey (Mann-Whitney U test, p>0.05).

Table 3. Ecological indices of D. aequans for fish farms. x% chi-square test, p: significance level, SD:
standard deviation, U test: Mann-Whitney U test.

Prevalence Abundance Intensity
Mean (%) +SD X2 P Mean  +SD Utest(p) Mean +SD U test (p)

Farm 1
2007-2008 91.4 7.89 16.07 4.93 18.24 5.87
4.74 0.029 —— 0.026 _ 0.02
2019-2020 98.8 3.53 33.52 15.8 33.63 15.58
Farm 2
2007-2008 87.5 15.81 1496 1147 16.17 10.55
2.09 0148 ——m 0.38 _—_— 0.46
2019-2020 86,2 17.68 19.67 11.58 20.77 11.36
Farm 3
2007-2008 81.2 22.32 11.48 8.27 12.35 7.3

466 0031 ———— 0.26 —_— 0.32
2019-2020 86.8 20.94 7.34 7.22 8.5 6.6
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Figure 3. Seasonal comparison of prevalence, mean abundance and mean intensity values of D.
aequans between two parasitological surveys of fish farms. A, B: farm 1; C, D: farm 2; E, F: farm 3. W:
winter, S: spring, Su: summer, A: autumn, 1: first parasitological study (2007-2008), 2: second
parasitological study (2019-2020).

Parasite Distribution on Gills

Differences between gill arches were tested on the data from the three farms during the two
periods. The differences were not found to be significant between the number of parasites on the left
and right gill arches from same fish. Diplectanum aequans showed an equivalent distribution with no
statistically significant difference in infection (Mann-Whitney U test, p=0.68) (Table 4).

Table 4. Mean abundance of D. aequans according to the distribution on gill arches on all fish analysed.
GA: gill arches, SD: standard deviation, U test: Mann-Whitney U test.

Mean abundance (+ SD)
Left (L) Right ®
GA1l 3.37 (£ 5,02) 3.17 (£ 4,55)
GA2 2.91 (£ 4.07) 2.81 (£ 4.13)

GA3 2.07 (+3.21) 1.81 (+2.8)
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GA4 1.37 (£ 2.75) 1.14 (£ 2.35)
Total 9.71 (= 12.28) 8.99 (+11.45)
U test p=0.68

However, finer analysis at the level of each gill arch revealed that the distribution of the number
of parasites varied according to the total number of parasites and host weight (Table 5). When
parasites are numerous (on the biggest fish, fish groups 3 and 4), the individuals were distributed on
the gill arches according to an anterior-posterior gradient. Gill arches 1 (GA1) and 2 (GA2) had the
highest parasite abundances and the population spread on a decreasing gradient. The number of
parasites decreased from GA1 to GA4. In contrast, the parasites appeared to be randomly distributed
on the four arches on smaller fish with low rates of infection (fish groups 1 and 2). These differences
in distribution were statistically significant (Mann-Whitney U test, p<0.05).

Table 5. Prevalence values of D. aequans (%) on D. labrax gill arches.

Distribution of parasites (%)

Fish group* N fish/group (%) GA*1 GA2 GA3 GA4

4 108 (25%) 34.5 314 204 13.8

3 107 (25%) 38.1 27.7 20.3 14.1

2 107 (25%) 28 33.6 25.5 12.9

1 108 (25%) 40.8 31.3 16.5 22.6
Total 430 (100%)

*Fish group: 1 (smallest fishes) to 4 (biggest fishes), GA: gill arches.

Our observations also revealed a centrifugal migration of individuals in the gill arch as they
mature. The post-larvae and the first stages development of parasites were preferentially localized at
the base of the gill filaments and were isolated, while adults were mainly localized at the ends of the
filaments and aggregated in groups of four to five individuals. Our data allow us to observe that
regardless of the groups and treatments performed, the numbers of parasites present on the left and
right gill arches was equivalent. These results, while clear at the scale of a sample set, can be highly
variable at the individual level.

Figure 4 shows the change in the ratio of the mean numbers of parasites in the sub-sample to the
mean of all the samples based on the number of samples selected for all farms and years (totals and
on the left arcs only for legibility). A value of 1 therefore corresponds to equivalent results between
total population and sub-sample. For about 300 samples out of 430 all the results were very close to
the results obtained from all the samples.
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Figure 4. Change in the ratio of the mean number of parasites in the subsample to the mean of all
samples based on the number of samples selected for all farms and years (totals and on the left arches).
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Figure 5 shows the results obtained with different threshold values set at 5% (Figure 5a), 10%
(Figure 5b) and 15% (Figure 5¢c). With a sample of nine fish per day, it is safe to obtain the same value
as the number of total parasites to within 5% (i.e., for an X value, there is a 100% chance of getting a
value between [0.95 X, 1.05 X]). However, the values observed on arcs 1, 2 and 3 were equivalent to
about 5% between 80% and 85% of the time.
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Figure 5. Reduction of sampling effort test by reducing the number of fish taken per sampling day
(from 1 to 10) at different threshold values (5%, 10% and 15%), Prob.: probability.

Discussion
Distribution of D. aequans in Host the Population

Our results showed that larger fish were parasitized more. This positive correlation between fish
length (and therefore age) and parasitic abundance has already been demonstrated in various
ectoparasite studies (Poulin and Rodhe 1997; Cable and Van Oosterhout 2007). In addition, large
mortalities in older cultured seabass caused by pathogens have been observed in the Mediterranean
basin (Alvarez-Pellitero and Sitja-Bobadilla 1993). However, there appears to be no minimum weight
for D. labrax to develop a parasitic infection. Experiments conducted by Silan and Maillard
(1989) demonstrated that 15-day alevins could be parasitized by D. aequans larvae.

Similar to other organisms, aquatic parasites have specific temperature optima to complete their
life cycles and various patterns of parasitic dynamics in response to seasonal factors have been
reported (Marcogliese 2001; Winger et al 2001; Antonelli et al. 2010a; Antonelli et al. 2010b; Antonelli
et al 2016). In the 2007-2008 survey, trends showed that D. aequans had the highest mean intensity
values during late autumn and winter for all farms studied, corresponding with a decrease in water
temperature. Minimum values were recorded during spring months. Similar results with parasitic
infection occurring during the winter season were also revealed in Spain (Gonzalez-Lanza et al. 1991).
However, results for 2019-2020 showed that mean intensity values of D. aequans do not follow the
same trend, with maximum values recorded during spring and summer months. These fluctuations
in rates of infections showed that water temperature, which generates a definite seasonal cycle, has a
great influence on the population dynamics of parasites. Previous studies highlighted the influence
of temperature on incubation time. Diplectanum aequans eggs subjected to different temperatures
(between 15 and 23 °C) showed different hatching times. The time is on the order of 7-15 days at 15—
16 °C versus 5-7 days at 20-21 °C. Four to five days are sufficient beyond 21 °C (Silan and Maillard
1989; Mladineo 2004). These results have been confirmed by Cecchini et al. (1998), which mentioned
that all developmental stages of D. aequans are temperature-dependent. As the temperature increases,
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the time to reach sexual maturity becomes shorter. In our study, the range extension and high
prevalence of D. aequans followed seasonally warm winters in Corsica, associated with a warmer sea
surface temperature that permitted overwinter survival. This may be accentuated by having several
generations. If the optimal conditions are extended in the season, they are likely to provide a longer
window for parasitic infections and this may lead to more generations of parasites over the seasonal
cycle (Callaway et al. 2012; Karvonen et al. 2020). Changes in water temperature over the past five
years can explain this phenomenon (Gobert et al. 2020). The Mediterranean has been indicated among
the region most sensitive to climate change (Giorgi 2006; Adloff et al. 2015; Piroddi et al. 2017; Bianchi
et al. 2018). The temperature increase measured in the coastal regions during the last decades,
especially in Corsica, is somewhat greater than at the global scale, with a global increase of 1.1 °C in
27 years (0.04 °C per year) (Scavia et al. 2002; Mladineo 2004; Parry et al. 2007; Kapsenberg et al. 2017).
The results for 2019-2020 also showed that high rates of infection with D. aequans are still observed
in winter. Seasonal changes in populations of D. aequans could be also a sign of parasitic adaptation
(Adloff et al 2015; Antonelli et al. 2016). Climate warming can affect host-pathogen interactions by
increasing pathogen development rates, transmission and number of generation times per year,
directly through the ambient environment or indirectly via effects on host parameters (Harvell et al.
2002; Lloret at al. 2004; Marcogliese 2008; Studer et al. 2010; Callaway et al. 2012; Duvallet 2015;
Godwin et al. 2020).

The northwest of the Mediterranean Sea is becoming saltier; the salinity of the deep waters of
the Gulf of Lion is increasing at a rate of 0.007 psu/decade (Godwin et al. 2020). Salinity is an
important environmental factor involved on D. aequans development (Mladineo 2004). Less saline
locations near rivers have considerably lower prevalence and abundances values. This can explain
our results for farm 3, which is located in a zone of shallow depth, near a freshwater supply. The
contributions of continental freshwater generate vertical stratifications that can modify the
parameters of temperature and salinity rates. Moreover, the presence of the copepod Lernanthropus
kroyeri Van Beneden, 1851, only at farm 3 can suggest direct interspecific competition explaining
lower rates of D. aequans. Salt concentration is less important for copepods than monogeneans
(Aminot and Kerouel 2004; Devreker et al. 2009).

Many authors have shown that high density living conditions and cages close together can
facilitate parasite infection (Hudson et al. 2001; Krkosek 2010; Farhaduzzaman et al. 2020). Corsican
fish farmers have made the choice to have fewer fish in the cages to produce better quality fish;
densities in cages rarely exceed 20 kg/m?3. Hudson et al. (2001) also reported that the rate of encounter
between hosts and pathogens can be lower with low densities, resulting in slower rates of infection.
However, the fact that the cage remains a confined habitat could still explain the high prevalence
observed throughout the year in both studies (Raveni 1983; Buchmann et al. 2006; Rohde et al. 1995).

Diplectanum aequans appear to be highly specific to seabass (Mladineo 2005; Dezfuli et al. 2007)
and our first study highlighted that wild fish collected around cages were not parasitized by this
species (Antonelli 2010). We can therefore rule out the hypothesis of a parasitic transfer resulting
from the presence of wild fish around fish cages. We can assume that the alevins were already
infested with parasites when they were transferred to the open sea cages. This has already been
highlighted in Italian fish-farms. Ravenni (1983) demonstrated that larvae and alevins of D. labrax can
be infected with D. aequans in hatcheries with closed water circuit systems.

Parasite Distribution on Gills

The difference between the numbers of parasites on the right and left gills was not significant.
Our results are consistent with previous studies on D. aequans distribution on fish gills (Lambert and
Maillard 1975; Cognetti-Varriale et al. 1992). All gill arches were colonized in all groups of fish
(smaller and larger). Diplectanum aequans occurs in four gills arches but its distribution is not uniform,
depending on abundance of parasites.

Our results revealed that the repartition of the number of parasites varied according to the total
number of parasites and host weight. The parasites appear to be randomly distributed on the four
arches on smaller fish with low rates of infection, while in larger fish parasites are mainly reported
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on gill arches 1 and 2 according to an anterior-posterior gradient (1>2>3>4). There is a migration of
parasites in the centrifugal direction, from the gill arch to the ends of the gill filaments according to
their stage of maturity. This provision suggests that the invasion of the gills by post-larvae is through
the roots of the gill arches (Silan and Maillard 1989). Microhabitat distribution appears to be intensity-
dependent (Yang et al. 2006).

In fact, previous studies reported that the highest parasite abundances were more frequently
identified on the first and middle gill arches and lowest on the fourth gill arch, which is the smallest
one (Bagge et al. 2005). Some authors revealed that monogenean distribution is correlated with the
area on some gill arches that allows more parasites to attach to them (Koskivaara et al. 1991; Tombi
and Bilong Bilong 2004). Our study revealed that for smaller fish (with lower rates of infection),
parasites have an equal statistical distribution, with a random pattern on the four gill arches. Simkova
et al. (2006) explained that such low levels of infection result from the fact that niches are always
available on the gill biotope. In contrast, the specific gradient identified on bigger fish (with higher
rates of infection) showed that arches 1 and 2 were most infested due to the large colonizing gill
surface. This gradient also may be the result of parasite interactions. It can be explained by the fact
that D. aequans could have interspecific competition for space, food and reproduction on the available
gill surface (Morand et al. 2002).

Some authors showed that the spatial distribution of Monogenea is also determined by the
differential action of water flow through the gill arches (Oliva and Luque 1998; Tombi et al. 2014).
Also, differences in water current over all the four gills have been considered important in
determining the distribution of parasites on the gills (Arme and Halton 1972; Gutiérrez and Martorelli
1994; Hanek and Fernando 2011). Parasites were distributed along a specific gradient to promote
exposure of egg clutches to water flow Gobbin et al. 2021).

The results obtained to reduce sampling effort and allow optimal exploitation for fish farmers
show many things. However, due to the random nature of sub-sampling, these results may vary. It
is then necessary to perform many replicates to calculate the probability of observing these results
correctly according to the number of samples. Our sampling campaign consisted of a sampling of 10
fish per farm per sampling date. Thus, in the following analysis, we propose testing the reduction in
sampling effort by reducing the number of fish taken per sampling day (from 1 to 10, that is, the
present value of the sampling plan). We found that by accepting a 10% difference, eight fish per
sample is sufficient to obtain results similar to those of a full study. However, it is important to ensure
that a reduction in sampling effort does not impact the results of the different sites and years of
observation. A careful optimization of fish sampling can ensure high quality of collected data with
limited sampling effort. To automate the likelihood judgment of replicates, we also propose setting
different threshold values (5%, 10% and 15%), thus allowing the probability of obtaining the same
results at this threshold value according to the number of fish collected to be calculated.

On the other hand, having equivalent intensity values between the left and right gills shows that
only one side could be analysed to reduce the sampling effort. Other statistical tests must therefore
be carried out to confirm our hypothesis. It should also be considered that even if the results are
equivalent, the reduction in the number of samples inevitably leads to a lower robustness of the
statistical analyses. It is therefore up to the scientist to judge the relevance of reduction of sampling
effort in relation to these observations. In fact, sampling efforts may vary depending on the survey
objectives.

It does not seem possible to determine the number of parasites present on the right side of a
given fish by knowing the number of parasites present on the left side and conversely. A set of
machine learning algorithms was also tested for this purpose, but the results were inconclusive in
this study.

Conclusions

The long-term monitoring of D. aequans showed changes in the cycle of infection, with seasonal
variation that has changed over time. Comparing the results obtained in 2019-2020 with data from
2007-2008 highlighted that the increase of sea surface temperature provided a longer window for
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parasitic infections, leading more generations of D. aequans per year. Parasites occurred throughout
the year and were present in all times and locations studied. The parasite distribution showed also
that D. aequans is randomly distributed between the two sides of the gills. There was no preference
found in the distribution on the gill arches between left and right sides of the hosts. However, they
preferred specific gill arches (anterior-posterior gradient) in the biggest fish. Concerning reduction
of sampling effort, it seems interesting for future campaigns to determine whether the number of
samples can be reduced while maintaining similar results. We therefore propose recalculating the
previous analyses from sub-samples to compare them with the results of the total sample and to judge
the number of samples that would have been necessary to obtain the latter.
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