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INTRODUCTION

Eels of the genus Anguilla exhibit a complex
amphihaline life cycle, with a reproductive phase in
the ocean and a growing phase in coastal, estuarine
and inland waters. Partly because of this long-run life
cycle, eels are exposed to many risk factors, includ-
ing oceanic changes, migration barriers, habitat loss,
pollution, food depletion, etc. Moreover, most species
are valuable commercial fish and additionally suffer
from overfishing at all stages of their continental life
(from glass eel to silver eel). Since the 1970−1980s,
both scientific monitoring and fishery statistics have
recorded a drastic decline in recruitment, yield and
stock of eels (Dekker 2003, Casselman & Cairns
2009). The phenomenon is worldwide, but particu-
larly marked for the American eel Anguilla rostrata,

which was ranked as a species of special concern
(COSEWIC 2006), and the European eel A. anguilla,
now considered ‘outside safe biological limits’ (ICES
2007) and red-listed as Critically Endangered (Frey-
hof & Kottelat 2008).

Since the 1980−1990s, the 2 Atlantic eel species are
facing a new threat. The invasive nematode Anguilli-
coloides (formerly Anguillicola) crassus has been ex-
panding over the geographic range of its new hosts
(Jakob et al. 2009a, Rockwell et al. 2009, Le febvre et
al. 2012). It is considered one of the most pathogenic
parasites of eels, with possible negative effects on
body condition, swimming capacity and survival (Ken -
nedy 2007, Palstra et al. 2007, ICES 2009a, Haenen et
al. 2010). Moreover, repeated in fections during the
continental life of the eel lead to profound damages of
the swimbladder, which may impair the spawning
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migration to the Sargasso Sea (Palstra et al. 2007,
Clevestam et al. 2011, Lefebvre et al. 2012).

It is often assumed that there is not much that can
be done to hinder the parasite, except to prevent its
expansion via limiting the volume of intercontinental
eel trades and applying stringent sanitary controls
over the translocations of live fish (Taraschewski
2006, CITES 2007, Kennedy 2007). Noteworthy, how-
ever, is that eel farms using seawater were often
found free of the parasite (Kamstra 1990, Køie 1991),
and eels living in brackish and coastal waters most
often showed a lower infection rate than those taken
in neighbouring freshwater areas (Dekker & van
Willigen 1989, Nielsen 1997, Morrison & Secor 2003).

High salinities can create unsuitable or non-opti-
mal eco-physiological conditions for the parasite to
complete its life cycle. First, high salinity may narrow
the range of available/compatible hosts (whether
intermediate or paratenic), and the presence of vec-
tor hosts in the medium is of primary importance,
especially in the context of parasitic colonization
(Taraschewski 2006, Anderson & Sukhdeo 2010).
Second, experimental studies clearly demonstrated
that high salinity concentrations adversely affect egg
hatching, larval survival and infectivity of Anguilli-
coloides crassus (De Charleroy et al. 1989, Kirk et al.
2000a), likely via a deleterious osmotic stress operat-
ing at all the free-living stages of the parasite cycle
(Scholz & Zerbst-Boroffka 1994).

Due to the increased concern about this new para-
sitic threat, many epidemiological studies have been
published (in almost every colonized country) that
provided a large but confused picture about the
true relationship between infection rates and salinity
 values. Indeed, punctual samplings only provide a
snapshot into a dynamic host−parasite−environment
 system (Poulin 2007, Anderson & Sukhdeo 2010).
Water salinity, for instance, may vary on a very short
time scale in response to tidal cycles (e.g. in estu -
aries), climatic events (e.g. flooding, drought) or
anthro pogenic factors (e.g. human management).
Yet Anguillicoloides crassus has been observed over
a wide range of salinity levels, including hyperhaline
waters (e.g. Loukili & Belghyti 2007, Rockwell et al.
2009). So far the only attempt to review the question
failed to demonstrate any significant relationship
between water salinity and local epidemiological
parameters (based on 5 recent studies, see Neto et
al. 2010).

Here we aimed to explore all available data at
hand to determine whether salinity actually reduces
parasite pressure by Anguillicoloides crassus. Be -
cause there are many possible confounding factors

(e.g. temperature, parasite introduction date, host
size), the analyses were conducted at 3 levels to
sequentially eliminate or control their effects. Hence,
we considered the relationships between salinity and
prevalence values (1) on a broad scale, across all
published studies (exhaustive data set but many
 confounding factors); (2) on a smaller scale within
studies (meta-analysis of individual correlation coef-
ficients); and (3) within site, by monitoring over
 several years the infection pressure following salinity
changes. The potential uses of salinity in controlling
the expanding infection (both in aquaculture and
in the wild) and in improving the quality of future
spawners are analyzed in regard to the eel manage-
ment plans that are being implemented.

MATERIALS AND METHODS

Literature search

To ensure that we were working with high-quality
data (and to avoid data redundancy), we focused
solely on published articles in peer-reviewed jour-
nals, leaving out internal reports, theses and disser-
tations, and other ‘grey’ literature. Using the key-
words ‘anguillicol*’ and ‘salinity or brackish or salt*’,
we searched the following 3 bibliographic databases
for identifying articles with both epidemiological and
salinity data: Helminthological Abstracts (1973−2011),
Web of Science (1981−2011) and Zoological Records
(1864−2011).

We extracted infection data only when associated
with a numerical measure of salinity, thus excluding
a significant amount of epidemiological information
available in the literature. We did so, (1) because the
distinction between qualitative salinity indications
such as fresh, brackish or salt waters is variable
depending on the authors and their respective scien-
tific domains, and (2) to avoid placing undue empha-
sis on infection data from freshwater habitats (e.g.
reservoirs, ponds, lakes, rivers) for which a salinity
measure was rarely reported. Also, we kept only
studies in which non-null infection rates with Anguil-
licoloides crassus were recorded for at least one sam-
pling site, to ensure the parasite was indeed present
in the investigated area.

Applying these selection criteria, 14 out of the 39
identified articles provided actual data on the epi-
demiology of the infection and salinity values at the
corresponding sampled site. To complement the liter-
ature search, we also used the reference lists given in
the most recent and detailed studies on the epidemi-
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ology of the infection in the 2 Atlantic eel species
(e.g. Jakob et al. 2009a for Anguilla anguilla, and
Aieta & Oliveira 2009 for A. rostrata). This added 12
more articles with useful paired data. Further, we
searched our personal collection of literature to iden-
tify additional but non- referenced articles in the
above cited sources. We found 8 more articles report-
ing both epidemiological and salinity data. At the
end of the literature search process, we considered
that we were working with a ‘quasi-exhaustive’ set of
published data (for a detailed list of the selected stud-
ies, see the supplement at www.int-res.com/articles/
suppl/m471 p193 _ supp.pdf).

Data preparation

When sampling of eels was repeated several times
at the same place (e.g. multiple-year monitoring), we
re-calculated (if needed) mean prevalence and salinity
values over the studied period so that we were work-
ing with one pair of data per sampled site and per
published study. For studies reporting prevalence and
salinity from multiple sample sites, paired data were
treated as independent points when they came from
different water bodies or differed enough in habitat
type (e.g. upstream−downstream samples). We con-
sidered epidemiological data from yellow eels only,
because silver eels (seaward migrant stage) likely
spent most of their continental phase under salinity
values that were different from where they were
caught. Also, we considered only data on adult and
pre-adult parasites (swimbladder lumen worms), thus
excluding any larval count from the computation.

Throughout, prevalence was defined as the per-
centage of infected individuals in a given sample of
hosts (see Bush et al. 1997). Because estimates of
prevalence are unreliable if the host sample size is
too small (Jovani & Tella 2006), data were only
included if the number of examined eels was ≥15
individuals. For comparative purpose, salinity values
were consistently expressed in parts per thousand
of dissolved salts (ppt or ‰). When salinity indica-
tion was given in terms of conductivity (S m−1, or
any derivatives), it was converted using the online
tool available at www.lenntech.com/calculators/
conductivity/ tds-engels.htm.

Between-study relationship

In a first step, we assessed the global correlation
between prevalence and salinity values (raw data as

reported in the literature) using the Spearman’s rank
test (rS, for comparative purposes with the later meta-
analytic result).

In a second step, 2 additional variables known to
influence the infection rate were considered: host
size and water temperature. Total body length (LT, in
mm) was extracted from the study report (mean or
median values) and used as covariate to control for its
effect. Water temperature was estimated from lati-
tude coordinates at the sampling site, considering the
close relationship that links these 2 factors on a
global scale (in general, the higher the latitude, the
lower the water temperature, and vice versa). For
comparative purpose, latitude values were consis-
tently expressed in decimal degrees (DD system;
e.g. +41.95), if needed using the on line converter
available at www.csgnetwork.com/ gpscoordconv. html.
When there were no geogra phic coordinates or local-
ities explicitly given in the text, the latitude was
taken at the middle of the water body using the geo-
referencer tool in Google Earth (version 6.0.2).

To evaluate the respective influences of latitude
and salinity on prevalence value (controlling for
size), a multiple regression analysis was performed.
Variables were transformed whenever necessary to
approximate the normality assumption for paramet-
ric analyses. The goodness of fit of the model was
assessed by the coefficient of determination (R2),
which measures the proportion of explained vari-
ance, and the relative contribution of each predictor
was assessed by the magnitude of the standardized
regression coefficients (β).

Within-study relationship

Here, we analyzed the relationship between salin-
ity and prevalence within restricted study periods
and geographical areas (to limit the effect of con-
founding factors, such as variable temperatures or
parasite introduction dates). For a subset of studies
reporting local data at multiple sampling sites, we
computed individual correlation coefficients be -
tween prevalence and salinity values. Because the
minimum number of paired data points required for
reliable Pearson’s correlation coefficient was gener-
ally not met (i.e. n ≥ 5, see Abdel-Megeed 1984), the
alternative Spearman’s rank correlation was applied
throughout.

The mean correlation coefficient over the subset of
studies (–r ) was computed using the meta-analytic
software MIX (version 1.7). To run the program
we first converted individual rS values into Fisher
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 z-values, and weighted each effect
size with its sampling standard error
(SE), calculated as follows: SE = rS /
t(n−2), where t(n−2) is the Student’s t-
value for n − 2 degrees of freedom
(Hunter & Schmidt 2004). The deci-
sion of whether to apply a fixed-effect
model (assuming only within-study
variability) versus a random-effect
model (allowing both within- and be -
tween-studies variability) was based
upon the Q statistic, which measures
the heterogeneity of rS among the set
of studies.

Within-site relationship

In the study area, the Vaccarès La-
goon (65 km2, French Mediterranean
coast), both human and climatic fac-
tors have created important salinity
variations in the past decades (see
Heurteaux 1992, Poizat et al. 2004). In
1993, the mean salinity dropped in a
week from 15‰ to 6‰, after a cen-
tennial flood of the Rhône River broke the dikes. It
remained below 8‰ until the main stakeholders of
the water system (i.e. fishermen and rice producers)
agreed in 1998 to reach and maintain the pre-flood
level at ~15‰ (via sluices letting in salt water from
the Mediterranean Sea, and controlling the input of
freshwater from the Rhône River). In recent years,
salinity variations were mostly the result of climatic
conditions, with a peak up to 25‰ in 2008 due to 2
successive dry years, and then a marked decrease
following wetter seasons (13‰ in 2011; Table 1, see
also Fig. 3). In this water system, the parasite Anguil-
licoloides crassus was first ob served in eel Anguilla
anguilla in 1995, and long-term monitoring of the in-
fection was initiated in the subsequent years (epi-
demiological data are partially available in Lefebvre
et al. 2002a and Lefebvre & Crivelli 2004).

At our 2 sampling sites (Capelière station,
43° 31’ 57”N, 4° 38’ 24” E, and Impériaux station,
43° 30’ 25” N, 4° 27’ 08” E), sampling was conducted
monthly from 1997 to 2011 during at least 6 months of
the year (April−June and September−November,
periods selected to best encapsulate the annual catch
information; A. J. Crivelli unpubl. data). At each sam-
pling site, 2 fyke nets (one with a 6 mm mesh in the
funnels and a leading net of 40 m, the other with
0.5 mm mesh and a leading net of 20 m) were set on

4 consecutive days per month and visited every 24 h.
However, because the catches drastically dropped in
the early 2000s, no parasitological surveys were per-
formed in 2003, and for the period 2004−2007, only
young-of-the-year eels (LT < 190 mm) caught in Sep-
tember−November at one sampling site (Capelière)
were examined. For every collected eel, we recorded
LT and the number of swimbladder lumen worms
(adult and pre-adult parasites). In addition, starting
from the year 2000, we recorded the swimbladder
degenerative index (SDI), which evaluates the gross
pathologies induced by the parasite in the swimblad-
der organ (see Lefebvre et al. 2002b). The SDI is com-
puted using 3 criteria, each one coded as 0, 1 or 2
(increasing degradation): opacity of the swimbladder
wall, presence of pigmentation on the swimbladder
wall and/or exudates in the swimbladder lumen, and
thickness of the swimbladder wall.

Using this long-term data set (Table 1), we ex -
plored the effects of salinity changes on both preva-
lence and SDI using generalized linear models. We
first performed a stepwise selection procedure to
identify (in addition to body size LT) which of the pos-
sible salinity parameters best fit the annual change in
prevalence (current year salinity, annual salinity up
to the preceding 4 years, or mean salinity over the
preceding years up to n − 4 years). We then per-
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Year Salinity (‰) No. of LT (mm) Prevalence SDI 
eels (%)

1997 5.0 ± 0.6 3228 215.5 ± 2.7 48.61 −
1998 10.0 ± 0.7 2764 200.7 ± 3.0 50.47 −
1999 12.8 ± 0.6 1192 212.4 ± 4.4 51.59 −
2000 13.3 ± 0.3 814 265.1 ± 7.7 46.44 2.38 ± 0.13
2001 13.8 ± 0.4 857 249.6 ± 5.7 62.78 1.54 ± 0.10
2002 14.2 ± 0.6 990 287.3 ± 5.6 54.34 2.46 ± 0.07
2003 12.8 ± 0.3 − − − −
2004 12.1 ± 0.3 190 135.6 ± 2.7 68.42 2.94 ± 0.16
2005 15.7 ± 0.9 309 163.8 ± 1.2 57.93 2.36 ± 0.14
2006 15.6 ± 1.1 378 160.4 ± 0.8 37.30 0.64 ± 0.10
2007 22.0 ± 1.6 45 165.9 ± 6.6 2.22 0.31 ± 0.21
2008 25.4 ± 0.9 480 414.5 ± 9.6 37.10 1.75 ± 0.11
2009 17.9 ± 0.8 101 365.0 ± 10.4 31.68 1.25 ± 0.08
2010 14.6 ± 0.4 1208 254.0 ± 7.6 15.98 0.47 ± 0.06
2011 12.9 ± 1.5 2154 254.7 ± 4.1 28.27 0.51 ± 0.05

Table 1. Epidemiology of the infection of the European eel Anguilla anguilla
by the nematode Anguillicoloides crassus in the Vaccarès Lagoon (French
Mediterranean coast, Capelière and Impériaux sampling sites) between 1997
and 2011 (April−June and September−November). No epidemiological data
are available for 2003, and data are available for small eels only (LT < 190 mm)
and for one sampling site (Capelière) for the period 2004−2007. Salinity in the
lagoon is based on monthly records (unpubl. data from Philippe Chauvelon,
and the Réserve Nationale de Camargue). Salinity, body length (LT), and
swimbladder degenerative index (SDI) data are presented as annual mean 

values ±95% CL
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formed multiple linear re gres sions to test the relative
contribution of this best salinity parameter and eel
size (LT) in explaining the ob ser ved variation in
prevalence and SDI. Further, to limit again the effect
of confounding factors, we restricted our analysis to
young-of-the-year eels (LT < 190 mm, caught between
September and November, data available for all
years 1997−2011 except 2003) and to salinity values
in the immediate preceding years (current year salin-
ity from January to September, or annual mean sal -
inity in the preceding 2 years). We performed linear
regressions to test the contribution of the best salinity
parameter on the ob served variance in prevalence
and SDI. All dependent variables met the normality
as sump tion (Shapiro-Wilk’s test). All re gres sion ana -
lyses were performed with the software Statistica
(version 6.0).

RESULTS

Between-study relationship

A total of 77 salinity−prevalence data pairs were
extracted from 33 studies (n = 71 for Anguilla
anguilla, n = 6 for A. rostrata). Prevalence values
ranged from 0 to 85.7% (mean ± SE = 28.25 ± 3.00,
median = 21.30) and salinity values from 0 to 46.8‰
(mean ± SE = 17.02 ± 1.54, median = 16.50). In the
first analysis, we found an overall significant nega-
tive correlation between prevalence and salinity val-
ues (rS = −0.42, p < 0.001; Fig. 1).

Latitude values of the 77 sampling sites were all
positive (no sampled sites from the Southern Hemi-
sphere) and ranged from +34.26 to +60.22° (mean ±
SE = +46.39 ± 0.88, median = +44.62). Fish lengths
were extracted from 72 sample reports (no size data
readily available in 5 cases): LT covered all size
classes of yellow eels, ranging from 209 to 840 mm
(mean ± SE = 426.58 ± 13.61, median = 415).

The multiple regression analysis revealed that the
mean body size of eels had no significant effect on
the observed prevalence values (Table 2). In contrast,
both the latitude and salinity at the sampling site sig-
nificantly influenced the infection rate. The higher
the latitude the lower the prevalence (β = −0.42,
p < 0.01) and, even more significantly, the higher the
salinity the lower the prevalence (β = −0.45, p <
0.001). The proportion of explained variance by the
model was highly significant but low (R2 = 0.24,
p < 0.001), indicating that other factors likely interact
with the salinity−prevalence relationship.

Within-study relationship

Thirteen studies met the inclusion criteria (i.e. at
least 3 paired prevalence−salinity values, and a mini-
mal sample size of 15 eels to estimate prevalence), of
which only one concerned Anguillicoloides crassus in
the American eel Anguilla rostrata. All but one study
(92%) reported negative correlation coefficients be-
tween salinity and prevalence (−1.0 ≤ rS ≤ +0.87;
Fig. 2), of which 10 were not statistically significant at
p < 0.05. The Q statistic was not significant (Q = 12.61,
p = 0.40), so revealing no major heterogeneity among
rS values, and a fixed model was applied for running
the meta-analysis. The weighted mean correlation
coefficient for the 13 studies was –r = −0.75 (95% CL:
±0.21, z = 6.91, p < 0.001).
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Fig. 1. Paired data points (n = 77) between Anguillicoloides
crassus prevalence in Atlantic eels Anguilla spp. and water
salinity at the sampling site (raw data from literature studies,
see the Supplement at www.int-res.com/articles/suppl/ 

m471 p193_supp.pdf).

Model terms β B t p

Intercept 97.83 4.95 <0.001
Salinity −0.45 −0.90 −4.01 <0.001
Latitude −0.42 −1.42 −3.39 <0.01
LT 0.11 0.03 0.94 0.35

Table 2. Contributions of 3 selected predictors (eel length
[LT], salinity and latitude of the sampling sites) to the ob-
served variance in Anguillicoloides crassus prevalence (R2 =
0.24, F3,68 = 7.01, p < 0.001). Data were extracted from the
 literature for the 2 Atlantic eel species, Anguilla anguilla
and A. rostrata. β: standardized coefficient of regression
 (independent contribution); B: non-standardized coefficient 

of regression (slope)
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Within-site relationship

In multiple forward regressions, entering LT and
multiple derivatives of salinity as potential predic-
tors, the best fit was obtained with mean salinity
 values over the last 3 yr (Table 3). There were nega-
tive relationships between both prevalence and SDI
values and the level of salinity experienced by fish
(β = −0.65, p = 0.05 and β = −0.78, p = 0.06, respec-
tively), but the models were not significant (R2 = 0.33,
p = 0.11 and R2 = 0.37, p = 0.15, respectively).

Looking at young-of-the-year only, we found sig-
nificant negative relationships between mean salinity
during the preceding year and both prevalence and

SDI values (prevalence: β = −0.62, R2 = 0.38, F1,12 =
7.50, p = 0.02; SDI: β = −0.71, R2 = 0.50, F1,9 = 9.07, p =
0.01). In other words, the higher the salinity level the
year before young eels entered the lagoons, the
smaller their infection rate and the damages in the in-
fected organ. It is noteworthy that both prevalence
and SDI values substantially dropped when salinity
values rose above 15‰ (i.e. 2005−2006; Fig. 3).

DISCUSSION

Relationships between parasite load and
water salinity

In the first analysis, we found a clear negative
 correlation between salinity and Anguillicoloides
crassus prevalence values across all sites (rS = −0.42,
p < 0.001), but we also showed that infection rates are
influenced by latitude (β = −0.42, p < 0.01). Thus, low
pre valences are more often found as sociated with
high latitudes. Be cause latitude is a reasonable proxy
for mean water temperature, this tends to give sup-
port to the ‘temperature limit’ hypothesis, according
to which the pa ra site’s geographic ex pansion would
stop under high latitudes (Knopf et al. 1998). How-
ever, this trend observed at a global scale does not
preclude the co lonization of the northernmost range
of the eel hosts, as recently documented by the occur-
rence of A. crassus above 60° N (e.g. Jakob et al.
2009a for Anguilla anguilla in Scandinavian coun-
tries, and Aieta & Oliveira 2009 for A. rostrata in
Canada). In this global analysis, however, water
salinity ranked first in explaining the observed varia-
tion in prevalence values (β = −0.45, p < 0.001).

In the second approach, to further limit the effect of
confounding factors (e.g. water temperature, parasite
introduction date), we looked at the close rela -
tionship between prevalence and salinity within re -
stricted areas, over the same period, and then com -
puted a mean estimate of association (meta-ana lysis
of within-site correlation coefficients). We obtained
an even stronger negative association be tween the 2
variables (–r = −0.75). Clearly, high salinities limit, if
not preclude, high infection rates by Anguillicoloides
crassus.

In the third approach, using our long-term monitor-
ing in the Vaccarès Lagoon (French Mediterranean
coast), we documented a tied association between
water salinity and prevalence values. Further, we
showed that the mean salinity over the previous 3 yr
is the best predictor of the annual variation in in -
fection rates. Thus, there appears to be a lag time
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Model terms β B t p

Prevalence
Intercept 66.78 4.20 <0.01
Salinity (3 yr) −0.65 −2.43 −2.21 0.05
LT 0.17 0.04 0.59 0.56

SDI
Intercept 3.66 2.94 <0.01
Salinity (3 yr) −0.78 −0.21 −2.19 0.06
LT 0.48 0.01 1.33 0.22

Table 3. Contributions of selected predictors (eel length [LT]
and salinity of the sampling site) to the observed variance in
Anguillicoloides crassus prevalence (R2 = 0.33, F2,11 = 2.69,
p = 0.11) and swimbladder degenerative index (SDI: R2 =
0.37, F2,8 = 2.39, p = 0.15) for European eel Anguilla an-
guilla at our field monitoring site (Vaccarès Lagoon, French
Mediterranean coast). β: standardized coefficient of re -
gression (independent contribution); B: non-standardized 

coefficient of regression (slope)

rs

 

–1 –0.5 0 +0.5  +1 

A. anguilla
A. rostrata

Fig. 2. Distribution of the 13 effect sizes (Spearman’s rank
correlation coefficients, rS, ±SE) between Anguillicoloides
crassus prevalence in  Atlantic eels Anguilla spp. and water
salinity, within restricted study period and geographic area
(data computed from multi-site studies, see the supplement)
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between a change in water salinity and the epidemi-
ological response. This may be due to a resilience
phenomenon or ‘stock effect’, because it was shown
that the parasite’s eggs, or its larval stages encysted
in paratenic hosts or in the eel hosts, can survive
for many months (eventually years) under adverse
 environmental conditions (e.g. chemotherapeutic and
hyperbaric treatments; see Fontaine et al. 1990 or
Kamstra 1990), including 100% seawater (Kennedy
& Fitch 1990, Kirk et al. 2000a,b). Similarly, delays
are also observed in the SDI (pathological) response,
which would indicate that swimbladder damages are
persistent, and that a global improvement of the eel
quality only occurs after the disappearance of the
most severely af fected individuals. Accordingly, the
epidemiological res ponse in young-of-the-year eels
(for both prevalence and SDI) better matched the
salinity value during the immediate preceding year.

Here, the 1-yr delay could correspond
to the necessary lag time for the parasite
to complete its life cycle and also to pos-
sible salinity effects on the first (crus-
tacean) infection step.

From the present results and previous
laboratory experiments, it appears that
there is a threshold salinity value
(around 15‰) above which Anguilli-
coloides crassus development and/or
life cycle completion is severely im -
paired. To quote Scholz & Zerbst-Borof-
fka (1994, p. 103) ‘A. crassus depends
almost completely on the osmotic and
ionic regulation carried out by its host,
for the parasite shows only very limited
abilities of its own.’ Køie (1991), for
instance, failed to infect various crusta -
ceans (e.g. Co rophium volutator, Gam-
marus sp., Idothea sp.) in a salinity
medium of 15‰, and Kennedy & Fitch
(1990) obtained a limited success in in -
fecting only one specimen of the brack-
ish water amphipod Eurytemora affinis
they exposed to infective larvae.

Potential control and management
measures

It is tempting to take advantage of
the eco-physiological needs of both the
host and the parasite to control over
the infection. On the one hand, Anguil-
licoloides crassus appears to be primar-

ily a freshwater parasite, as judged by its optimum
development in low salinity conditions (De Charleroy
et al. 1989, Nagasawa et al. 1994). On the other hand,
anguillids,al though commonlycalled ‘freshwater eels’,
are clearly of marine origin and seem to demonstrate
only facultative catadromy (Fontaine 1996, Tsuka -
moto et al. 1998, Aoyama 2009).

Therefore, one can consider using salinity as a
 natural tool for disease control. This measure has
already received the support of many  ichthyo-
parasitologists and eel specialists (Sauvaget et al.
2003, Loukili & Belghyti 2007, ICES 2009a,b, Jakob
et al. 2009b). However, to achieve general agreement
and enter into common use, it should meet the inter-
ests of most, if not all, stakeholders of a water system
(e.g. rice producers and fishermen), and ultimately
ensure the sustainable use of the stock. We believe
that favouring brackish water habitats would con-
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Fig. 3. Time series of (a) Anguillicoloides crassus infection rates (preva-
lence) and (b) swimbladder degenerative index (SDI) in relation to water
salinity (dashed lines) in young-of-the-year Anguilla anguilla. In the stud-
ied water system (Vaccarès Lagoon, French Mediterranean coast), the par-
asite was first observed in 1995. Annual sample sizes are given above bars
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tribute to achieve these objectives. First, favouring
higher salinity medium would also reduce the infec-
tion rate by this and other pathogenic eel parasites
(e.g. the also invasive monogeneans Pseudodacty lo -
gyrus bini and P. anguillae; Køie 1988, 1991, Ken -
nedy et al. 1997, Jakob et al. 2009b). For in stance, in
the lagoon Ichkeul (North Tunisia), a human-driven
salinity increase, together with severe droughts at
the end of the 1980s, led to a reduced infection
 pressure by freshwater parasites on the local fish
communities (Aouij & Zaouali 1994). Second, favour-
ing brackish environments would also benefit the
growth, condition and overall production in eel bio-
mass (for Anguilla anguilla, see Acou et al. 2003,
Daverat & Tomás 2006; for A. rostrata, see Lamson et
al. 2009, Fenske et al. 2010). Ecological reasons for
higher productivity in brackish waters are discussed
extensively in Gross et al. (1988) and Morrison &
Secor (2003), but may ultimately rely on the lower
resting metabolism rate from living in near-isosmotic
conditions (natural osmolality of eel at ~290−300
mOsm kg−1), which corresponds to ~10‰ salt con-
centrations (Schmidt-Nielsen 1997, Boeuf & Payan
2001, Rankin 2009).

Alternatively, favouring freshwater environments
and allowing harvest in brackish waters may be a
defensible management policy (Morrison & Secor
2003, Lamson et al. 2009). The lower productivity and
the late age of maturity of eels in freshwater indeed
suggest that fisheries may have a larger impact
in these habitats. Promoting the consumption and
 culture of larger specimens was indeed among the
key recommendations for saving the eel resource
(Ringuet et al. 2002). Additionally, protecting fresh-
water habitats would also favour the production of a
female-biased sex ratio (Fenske et al. 2010), and
females are likely more important from a reproduc-
tive output perspective.

However, one can reasonably argue that the prior-
ity target might be to improve both the quantity and
the quality of future genitors before all else, and one
can expect a better escapement rate from coastal
waters (Aarestrup et al. 2009, Jakob et al. 2009b),
especially because of increasing concerns about the
effective contribution of inland freshwater eels to the
spawning stocks (Tsukamoto et al. 1998, Limburg et
al. 2003, Westin 2003). In accordance with the Inter-
continental Study Group of Anguillid Eels in Saline
Waters (ICES 2009b), we believe that well-managed
coastal lagoons and estuaries, because of their high
productivity, short residence time and low parasitic
burdens of their eels, may play an active role in the
escapement of high quality genitors, and so more

rapidly ensure a safe recovery of both the European
and American eel stocks. To identify and protect
‘areas producing high quality spawners’ was rightly
one of the recurrent recommendations of the EIFAC/
ICES Working Group on Eels that lead to the adop-
tion of the European Eel Recovery Plan (EC 2007).
We thus acknowledge the recent decisions of some
EU countries to classify the lower part of estuaries
and coastal lagoons as protected areas, free of fishing
activities, and would recommend its broader appli -
cation.

CONCLUSIONS

Water salinity may help release the parasite pres-
sure imposed by the global invader Anguillicoloides
crassus and so may be envisaged as a natural tool for
disease control. In aquaculture, one can use salts
more extensively for disinfection of parasitized eels,
meanwhile improving the growth rate of the cultured
fish. In the wild, preserving coastal and estuarine
saline waters may help curing or at least reducing the
parasite load of freshwater-grown silver eels, while
en hancing the overall quality and the chance of resi-
dent eels reaching the Sargasso Sea.
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