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ABSTRACT: The feeding rate of a parasitic gnathiid isopod on fish was examined. Individual fish,
Hemigymnus melapterus, were exposed to gnathiid larvae and sampled after 5, 10, 30, 60, and
240 min. I recorded whether larvae had an engorged gut, an engorged gut containing red material, or
had dropped off the fish after having completed engorgement; variation among sampling times and
larval stages was analyzed using generalized linear mixed model analyses. The likelihood that larvae
had an engorged gut increased with time and varied with larval stage. First stage (<0.9 mm) and sec-
ond stage (0.9 to 1.45 mm) larvae became engorged more quickly than third stage (>1.45 mm) larvae.
After 30 min, however, most (>93 %) larvae had an engorged gut regardless of their larval stage. The
likelihood of red material in the gut of third stage larvae increased over time (46 % after 30 min, 70 %
after 60 min, and 86 % after 240 min) while that of first and second stage larvae remained relatively low
(<27 %) at all times. First and second stage larvae left the fish at a higher rate (approximately 23 % after
30 min and 81 % after 60 min) than third stage larvae (3 % after 30 min and 26 % after 60 min). After
60 min, however, the likelihood that larvae dropped off fish did not change. The variation in feeding
behaviour with larval stage is likely due to variation in their diet and gut volume. The rapid feeding
rate of gnathiid larvae suggests that their turnover rate on fish is high. This may explain why some fish
species seek cleaner fish, which eat many gnathiid larvae, so often. By repeatedly visiting cleaner fish,
gnathiids may also be removed from hosts before the parasites become fully engorged.
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INTRODUCTION

Many species of cleaner and client fish regularly
engage in fish cleaning behaviour, where cleaner fish
remove ectoparasites from their so called clients. For
example, in the Indo-Pacific the cleaner wrasse
Labroides dimidiatus cleans hundreds of fish species
(Kuwamura 1976, Grutter & Poulin 1998a, Bansemer et
al. 2002) with many of these species cleaned on a daily
basis and individuals of some species cleaned, on aver-
age, 144 times per day (Grutter 1995a). Examples else-
where include Hawaii (Randall 1958, Losey 1972), the
Caribbean (Wicksten 1998, Arnal et al. 2000), Califor-
nia (Limbaugh 1955, Hobson 1971), and the Medi-
terranean (Arnal & Morand 2001).

Larval gnathiid isopods are among the parasites that
are most commonly removed by cleaner fishes (re-
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viewed by Grutter 2002). In addition to the above loca-
tions, they have also been recorded in the diet of
cleaner fishes from Portugal, Brazil, aquaria in the
United Kingdom, Spain, Puerto Rico, Bahamas, and
Panama (reviewed by Grutter 2002). Thus, under-
standing the ecology of gnathiids is important for
understanding cleaning behaviour.

Gnathiid larvae are commonly found on fish (e.g.
Grutter & Poulin 1998b and references therein, Heupel &
Bennett 1999, Smit & Davies 1999, Sikkel et al. 2000,
Arnal & Morand 2001). They are only parasitic as larvae
and return to the benthos to digest their blood meal and
moult to the next stage (Monod 1926). They have 3 larval
stages (Stoll 1962, Wagele 1987). The adults do not feed
and reproduce in the benthos (Monod 1926). Although
some studies have been done on their ecology (Monod
1926, Amanieu 1963, Upton 1987a,b, Grutter 1998,
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Grutter & Poulin 1998b, Heupel & Bennett 1999, Grutter
et al. 2000a), little is known about their feeding rates,
in particular how long they take to become engorged
on fish tissues and how long they remain on the host.
However, such information is needed to understand
what factors influence the abundance of gnathiids on
fish and the impact of cleaner predation on gnathiids.

Monod (1926), in the most detailed study on the eco-
logy of a gnathiid species to date, described the feeding
behaviour of Paraganthia formica. Gnathiids attach with
their head appendages, the mandibles and gnathopods,
around which they pivot easily. They pierce the fish with
their maxillules, maxillipeds, and gnathopods and suck
blood fluids from the host (Monod 1926). The intestinal
reservoir or anterior part of gut, for simplicity called ‘gut’
in this study, enlarges with blood fluids (see p. 187 in
Monod 1926 for the structure of the gut of P. formica).

Some limited information is available on the feeding
rates of gnathiids, which suggests that they remain on
hosts for several hours or days (Stoll 1962, Paperna &
Por 1977, Davies 1981). More information, however, is
needed on how gnathiid feeding behaviour varies
within a species. The only detailed study to date is that
of Smit et al. (2003) on Gnathia africana which showed
that the first, second, and third larval stages remain
on fish for a mean of 2.3, 2.7 and 10.1 h, respectively.

Gnathiids show similarities to some terrestrial blood
feeders, particularly ticks. For example, like argasid soft
ticks, they leave the host after feeding to moult (Bush et
al. 2001). Gnathiids also have several feeding stages, as
do many ticks (Evans 1992). Unlike most ticks, however,
some gnathiids are highly mobile (Grutter 1995b).

The ecological and economic importance of terres-
trial blood feeders such as ticks, lice, and mosquitoes is
well known (Bush et al. 2001). Like many terrestrial
blood feeders (Evans 1992, Bush et al. 2001), some
gnathiids have been implicated as vectors of the proto-
zoan blood parasite Haemogregarina bigemia (Davies
& Smit 2001). In ticks, the risk of infection of several
vector-borne diseases depends on the duration of
vector attachment (Piesman et al. 1987, 1991). Under-
standing how long gnathiids remain on fish and
whether this varies, for example among larval stages,
may provide insight into the potential risk of infection
with blood parasites in fish (Davies & Smit 2001).

Studies on the Great Barrier Reef (GBR) suggest that
gnathiid infestation rates on fish are high. Grutter
(1996) found that gnathiid loads on the labrid fish
Hemigymnus melapterus on Lizard Island which had
been reduced to half their normal load returned to nor-
mal 1 d after manipulation, suggesting that infestation
rates were relatively high. Furthermore, Grutter &
Hendrikz (1999) found that H. melapterus had twice as
many gnathiids at dawn as at sunset on Heron Island
(GBR). This implies that fish gained at least 50 % new

gnathiids overnight, then lost gnathiids during the day.
Most gnathiids on fish were also engorged. Finally,
laboratory observations of fish held in containers and
exposed to single gnathiids revealed that 75% of
gnathiids became engorged within 4 h (Grutter & Hen-
drikz 1999). These studies suggest that gnathiids feed
quickly and that their turnover rate on fish is high.
However, the estimates to date have not been precise.

This study was therefore carried out to obtain predic-
tive information on (1) how long gnathiids require to be-
come engorged on fish blood and (2) the period after
which they leave the host. Hemigymnus melapterus was
used as much is known about its parasites and cleaning
interactions with the cleaner fish Labroides dimidiatus
(Grutter 1994, 1995b, 1996, 1998, 1999a,b,c, 2001, Grut-
ter & Hendrikz 1999, Grutter & Pankhurst 2000, Grutter
et al. 2000b, 2002, Grutter & Lester 2002).

MATERIALS AND METHODS

Infestation of fish. [ used a culture of an undescribed
species of Gnathia (Type 1 in Grutter et al. 2000b),
identified from the morphology of males obtained
through the moulting of larvae, and whose description
is currently in progress (N. J. Smit & A. S. Grutter
unpubl. data). To infest fish (n = 28), a single Hemi-
gymnus melapterus (Labridae) was randomly selected
from holding tanks and placed in a 1000 1 oval tub con-
taining reared gnathiid larvae for 3 min (see Grutter
2001 for diagram of tub and for rearing of parasites). A
pilot study showed that the 3 min exposure to the
gnathiid culture was sufficient time for a large number
of gnathiids to infest a fish (127) but not long enough
for them to become fully engorged (no engorged gut
15%, partly engorged gut 83 %, fully engorged pale
yellow gut 2%, n = 1 fish). All infestations began
between 06:45 and 12:15 h. Fish were then quickly
captured with a handnet and transferred from the tub
to a white plastic 10 1 bucket with a loosely fitted lid
where they were held with constant aeration.

All fish were treated prior to using them to ensure
that they were gnathiid-free by giving them a fresh-
water bath (Grutter 1999c, 2001). Fish had been held in
captivity since May 13, 1998 and had been used in an
earlier study (Grutter 2001). The trials were done
between November 21 and 24, 1998. Fish from the ear-
lier study (Grutter 2001) were pooled and those for the
present study selected at random from this pool. The
mean (+SE) length of fish was 13.3 (£0.4) cm and the
median was 13.6 cm. The minimum and maximum
lengths were 9.8 and 17.8 cm, respectively. The length
of fish did not differ significantly among time periods
(Wilcoxon/Kruskal-Wallis rank sum test: x> = 4.86,
df = 4, p = 0.302) and so was not considered further.
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Exposure of gnathiids to fish. Fish were held in
buckets for 5, 10, 30, 60, and 240 min; they were then
transferred to another bucket for gnathiid removal. A
total of 6 fish per exposure time were used, except for
times 5 and 10 min where only 5 fish were used. The
order of exposure time in the buckets was randomly
determined. It should be noted that the above times of
exposure do not include the 3 min that fish were held
in tubs to allow infestation with gnathiids.

Parasite counts and gut contents. To determine how
many gnathiids had dropped off each fish and how
many remained on them at the end of the trials, fish
were removed from the buckets (by gently lifting them
out of the water with both hands) and placed in a sec-
ond bucket; the number of gnathiids in the bucket and
on the fish (and in the second bucket) were counted.
Gnathiids were removed from fish (see Grutter 1999c),
recovered from liquids, fixed in 10 % formalin, counted,
and measured (see Grutter & Hendrikz 1999). The
presence or absence of a full gut and the proportion (to
the nearest 10 %) of the gut contents that consisted of
dark red (rather than clear or opaque to pale yellow,
from now on called pale yellow) material was also
noted. Due to the large numbers of gnathiids and their
high mobility (Grutter 1995b) it was not possible to
record the feeding site. Engorged gnathiids with a
completely red gut were compared with gnathiids with
any pale yellow material and up to 90 % red material in
the gut. A subset of gnathiids (n = 200) with guts which
contained both red and pale yellow material were
examined to determine whether the red material was
found in the anterior or posterior part of the gut.

Gnathiid larval stages. To determine whether the
feeding behaviour of gnathiids varied among the 3
larval stages, gnathiids were separated into stages.
Because of the difficulty in separating the larval stages
morphologically, particularly given the large numbers
involved, each stage was categorized according to its
length (not including uropods). The length was deter-
mined using a combination of sources measured at 35 x
magnification and confirmed by comparing it to the
headwidth (an indicator of gnathiid length) (Grutter
1997) of known stages. Source data were (1) the
length of gnathiids (with no engorged gut) in the first
(0.69 mm) and second larval stage (0.84 mm) which
had previously been identified using rDNA sequences
(species Type 1 in Grutter et al. 2000b), (2) the size of
first stage gnathiids reared from wild parents—2
males and 2 females of species Type 1 as above were
obtained from Hemigymnus melapterus and larvae
produced from each pair (with no engorged gut) had
mean widths/lengths (n = 6) of 0.19/0.58 mm and
0.20/0.60 mm, respectively—(3) plots of the head
width and length of a subset of gnathiids (n = 173)
revealing 3 distinct groups (done separately for gnathi-

ids with and without an engorged gut, as the length of
gnathiids increases as the gut becomes engorged).

From the above information, gnathiids were catego-
rized into 3 size-classes by their length, representing
the 3 larval stages (head width/length). For gnathiids
with an engorged gut (praniza larvae), these were:
<0.2/<0.9 mm (praniza 1 [P1]), 0.2 to 0.248/0.9 to
1.45 mm (praniza 2 [P2]), >0.248/>1.45 mm (praniza 3
[P3]). For gnathiids without an engorged gut (zuphea
larvae), they were: <0.2/<0.7 mm (zuphea 1), 0.2 to
0.248/0.7 to 1.05 mm (zuphea 2), >0.248/>1.05 mm
(zuphea 3) (as described in Smit et al. 2003). The error
(proportion of gnathiids that fit into the head width but
not length category), most likely due to variation
caused by fixation which occasionally caused curva-
ture or extension of gnathiid bodies, was 7.4, 10.9, and
9.1% for the above 3 size-classes, respectively. The
size-classes agreed with the information from (1) and
(2) above, as well as with plots of the gut volume of
gnathiids against gnathiid length (see '‘Gnathiid gut
volumes' and Fig. 1), supporting the assumption that
the size-classes, based on the lengths of gnathiids, did
indeed represent the 3 larval stages.

Gnathiid gut volumes. Gut volumes of a subset of
gnathiids (n = 145) were measured to estimate the
amount of material held in the gut. The total length (not
including the uropods) of gnathiids, and the width and
length of the gut were measured. I assumed that the
shape of the gut was ellipsoid, as supported by draw-
ings of the gut by Smit et al. (1999), and that the width
and thickness of the gut were the same along its length.

Statistical analysis. Because it was not possible to
control the number of parasites per fish, the effect of
abundance of parasites was examined by considering
gnathiid abundance in relation to the variables mea-
sured. Separate correlation analyses for each larval
stage of the proportion of gnathiids with engorged
guts, proportion of gnathiids with a red gut, and pro-
portion of gnathiids that had dropped off fish versus
the density of gnathiids were done. All correlations
were not significant (p > 0.05) and so the effect of den-
sity was not considered further.

Mixed model analyses were used to incorporate both
random and fixed effects (Bennington & Thayne 1994).
Separate analyses were used to examine the effects of
larval stage and time exposed to fish on whether indi-
vidual gnathiids had an engorged gut, an engorged gut
containing red coloured material, or had dropped off the
fish after completion of engorgement. Responses were
binary and models were fitted using a binomial distrib-
ution and logit link. In all models, the fish used in a trial
was treated as a random effect and gnathiid larval stage
and exposure time were treated as nominal fixed effects.

Models were fitted using Genstat 5.4.1 for Windows
(Genstat 5 Committee 1997). The generalized linear
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mixed model (GLMM) procedure was used. When fitting
models, a full model was initially fitted with the interac-
tion term. A final model was selected by eliminating non-
significant (p > 0.25) interaction terms. The significance
of a term was determined using the Wald statistic for that
term when it was the last to be entered in a model (see
Genstat 5, Genstat 5 Committee 1997 for rationale).

RESULTS

A total of 3502 gnathiids infected the 28 fish used.
Fish had a mean (+SE) 126 (+32) gnathiids; the median
was 75 gnathiids, and the abundance ranged from 7 to
894 gnathiids per fish. An engorged gut was found in
90.8 % of all gnathiids. Of these, 75 % had pale yellow
gut contents and 14% had red gut contents. The
remaining 11 % had a combination of pale yellow and
red gut contents; 98 % of the subsample had the red
material in the anterior part of the gut, with the rest
having the red material in the center of the gut and the
range for each 10 % increment of red material was 0.35
to 2.36 % of all gnathiids with an engorged gut.

The volume of the gut of gnathiids was correlated with
its length (r2 = 0.957, n = 145, p < 0.05) and increased
exponentially (Fig. 1). Volumes were estimated with the
equation: log;q volume of gnathiid = -0.7353 + 4.0152
log total length of gnathiid. On average, P3 larvae had
approximately 9 and 20 times larger guts than P2 and P1
larvae, respectively. P1 and P2 larvae did not differ as
much in gut volume, with guts of P2 larvae being only
approximately 2 times larger than those of P1 larvae.

There was a significant effect of time of exposure (X% =
449.3,df =4, p < 0.0001) and larval stage ()(2 =20.3,df =
2, p < 0.0001) on the likelihood that larvae had an en-
gorged gut. There was no significant interaction be-
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Fig. 1. Gnathia sp. Volume of the gut of gnathiid larvae as a

function of length of gnathiid larvae. Data are logj,-trans-

formed. Arrows indicate cutoff points determining larval
stages used in the analyses

tween the effects of time of exposure to fish and larval
stages. The likelihood that larvae had an engorged gut
increased rapidly over time with P1 and P2 larvae be-
coming engorged more quickly compared with P3 larvae
(Fig. 2). After 30 min, however, most (>93 %) larvae had
an engorged gut regardless of their larval stage (Fig. 2).

There was a significant interaction between the
effects of time of exposure to fish and larval stage on
the likelihood that larvae had red gut contents
(X*=20.8, df = 8, p = 0.0077). This was due to the like-
lihood of P1 and P2 larvae with red gut contents
remaining relatively constant over time (1 to 27 %),
while the likelihood of P3 larvae with red gut contents
increased rapidly over time (46 % of P3 larvae had red
gut contents after 30 min, increasing to 70% after
60 min and 86 % after 240 min) (Fig. 3).

The likelihood that a larvae would drop off a fish af-
ter becoming engorged increased with time. However,
the drop-off rate of P3 larvae was slower than that of P1
and P2 larvae (x? =42.3, df = 8, p < 0.0001) (Fig. 4).

DISCUSSION
Gnathiid engorgement rates

Gnathiid larvae fed rapidly with most gnathiids
becoming engorged after only 30 min of exposure to
fish. The engorgement rate, however, varied among
the 3 larval stages of gnathiids. The larger P3 larvae
(>1.45 mm) were slower at becoming engorged than
P1 (<0.9 mm) and P2 larvae (0.9 to 1.45 mm). This may
be due to variation among larval stages in the volume
of the gut and diet composition.

The size of the gut of a gnathiid appeared to influ-
ence how long it took for it to become engorged. I
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Fig. 2. Gnathia sp. on Hemigymnus melapterus. Mean (+SE)

proportion of gnathiid larvae with engorged guts per fish

for different times of exposure to fish. Larval stages are
(@) praniza 1, (V) praniza 2 and (M) praniza 3
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found that the gut volume of gnathiids increased expo-
nentially with the size of gnathiids. For example, aver-
age sized P3 larvae had 9 to 20 times larger guts than
P2 and P1 larvae, respectively. This might explain why
P3 larvae required the most time to become engorged.

The relatively larger gut volume of P3 larvae sug-
gests that they remove more host material from their
hosts than do smaller gnathiids. The volume of mater-
ial removed may, however, be larger than the volume
of the gut. Other blood feeding arthropods, such as
ticks, excrete excess fluid during feeding (Evans 1992).
This may occur in gnathiids also, as the material in the
gut is not a fluid but rather has the consistency of a
thick paste (Monod 1926, pers. obs.), implying that the
material in the gut is concentrated. Thus, if the re-
moval of blood is harmful to fish, then larger gnathiids
should be more deleterious than smaller ones.

Although the rate at which guts become engorged
should decrease with increasing size of the individual,
as it does in some ticks (Evans 1992), size alone does
not explain the variation in the engorgement rate
among the larval stages of gnathiids. For example, the
engorgement rates of P1 and P2 larvae were almost
identical, despite P2 larvae having guts twice as large
as P1 larvae. This suggests that other factors are
responsible for this variation in the drop-off rate.

Gnathiid diet

That the gut contents of P1 and P2 larvae were also
similar suggests that the diet, or factors related to it,
influences the rate of gut engorgement. P3 larvae
mainly had red material in their gut compared with P1
and P2 larvae which had pale yellow with some or no
red material in the gut. Little is known about why the
colour of gnathiid guts varies. Gnathiids feed on blood
and so their diet involves the ingestion of blood plasma
and/or the cellular components of blood (Monod 1926).
The red colour is most likely from haemoglobin. Mate-
rial other than blood components may also be ingested,
such as lymph and single host cells (Monod 1926). The
little evidence available suggests that there are at least
2 causes of the variation in colour of the guts of gnathi-
ids; it is (1) due to variation among host tissues and
(2) related to the way in which the blood is ingested
(Monod 1926, Smit et al. 2003).

The pale yellow colour in the gut may be largely due
to the colour of the plasma of the host. When Thalas-
soma lunare (Labridae) was exposed in the laboratory
to the same species of gnathiid as in this study, gnathi-
ids had red or blue material in the gut (unpubl. data). A
blood sample of T. Iunare, when centrifuged to sepa-
rate the blood cells and plasma (following Grutter &
Pankhurst 2000), revealed a blue plasma (unpubl.
data). In contrast, the plasma of Hemigymnus melap-
terus is pale yellow (unpubl. data), as were some of the
gut contents of gnathiids from H. melapterus. That the
differences in the colour of plasma between fishes is
reflected in the diet of gnathiids indicates that the
material in the gut, when it is not red, is blood plasma.

Monod (1926) proposed that variation in the propor-
tion of red and other coloured material within an indi-
vidual gnathiid gut is due to the structure of the wound
causing blockage in the mouth parts of the parasite. This
leads to only plasma filtering through, resulting in a pale
yellow gut. With time, however, the wound becomes
enlarged allowing blood cells to pass through, resulting
in ared gut (Monod 1926). In cases where the 2 colours
existed in the same gut, I found that the red material was
almost always anterior to the other colour. This implies
that the red material was ingested after the other mate-
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rial and agrees with the findings of Monod (1926). There-
fore, it may take longer to feed on red than pale yellow
material. This may be why P3 larvae, which had mainly
red guts, were slower at becoming engorged.

The smaller size of the mouthparts of smaller gnathiids
may limit their ability to obtain whole blood with cellular
components, because of reduced penetration into the
skin or the reduced passage of blood cells. This may ex-
plain why mainly P1 and P2 had all or some pale yellow
material in their guts, while larger P3 larvae mainly fed
on red material. This is supported by observations that
pale yellow guts have not been observed in very large
gnathiids (>2 mm) (pers. obs.) found on a wide range of
teleosts and elasmobranchs (see list in Grutter & Poulin
1998b). However, gnathiid size alone is not the only
explanation for the variation in gut colour, as a few P3
larvae (14 %) did not have all red guts.

The diet of gnathiids may also vary according to the
site of attachment. For example, Gnathia africana
feeding on the body of fish have red or mixed-coloured
guts, while those on the fins have clear, white or yellow
guts (N. J. Smit pers. comm.). In the present study,
variation in feeding sites among larval stages was not
examined; however, gnathiids have been found on the
gills, body, and fins of host fish (pers. obs.).

Variation in the colour of the gut of blood feeders is
not uncommon. Engorged ticks with white-coloured
guts have occasionally been observed, which were
negative for haem (Sutton & Arthur 1962). Such ticks
presumably fed on tissue fluid only (Foggie 1959).

Hemigymnus melapterus is also infested with
another species of gnathiid (N. J. Smit & A. S. Grutter
unpubl. data), which usually has a pale yellow gut in
all its larval stages. Whether this is a consequence of
different feeding habits is unclear. Information on
feeding behaviour is needed to provide insight into
why the diet composition of gnathiids varies.

Gnathiid drop-off rates

The number of gnathiids dropping off fish stabilized
after 60 min of exposure to the host. This drop-off rate
is faster than that found in other studies of the gnathiid
species Paragnathia formica, individuals of which
remain on hosts for ‘several’ hours (Stoll 1962) or
‘ingest...blood over a 2 h to 2 d period’ (Upton 1987a);
Gnathia piscivora, which (depending on site of attach-
ment) become engorged and leave their host within
2 to 4 h or for 1 or more days (Paperna & Por 1977);
Gnathia maxillaris, which 'remained attached until
replete, feeding taking about 2 to 24 h' (Davies 1981);
and Gnathia africana, whose first, second, and third
larval stages remain on fish for 2.3, 2.7 and 10.1 h,
respectively (Smit et al. 2003).

That some gnathiids remain on fish, even after 30 to
210 min from when they become engorged, may be due
to a combination of the mobility of gnathiids and the ex-
perimental containers used. Gnathiids are highly mobile
(Grutter 1995b). This is supported by observations that
many gnathiids visible in the buckets did not appear to
be attached securely to the fish as they moved on and off
the host (pers. obs.). In addition, after fish were disturbed
when removing them from buckets to remove their
gnathiids, many of the gnathiids that had been on the
fish quickly left the fish when it was placed in a second
bucket. After feeding, gnathiids usually seek shelter to
digest their meal and moult to the next stage (Monod
1926). Gnathiids would, therefore, have likely attempted
to find a shelter after becoming engorged. The bright
white walls of the buckets, however, may have repelled
some gnathiids, as some species are photophobic
(Monod 1926). The lack of shelter for gnathiids in the
buckets may thus have led some gnathiids to return to
the fish and treat the fish as a shelter.

The rate at which gnathiids left fish varied with the
size of the parasite. P1 and P2 larvae dropped off at a
similar rate but at a higher rate than large gnathiids.
After 30 min of exposure to fish, when most gnathiids
were already engorged, 22 and 24 % of P1 and P2
larvae, respectively, had dropped off fish compared
with only 3% of P3 larvae. This difference was main-
tained after the proportion of gnathiids dropping off
fish had plateaued after 60 min.

Where gnathiids feed may also affect how long they
remain on the host. Smit et al. (2003) found that gnathi-
ids feeding on the fins remained attached longer than
those on the body. The site of attachment of gnathiids
in this study was not investigated, as gnathiids were
removed immediately after the time period ended to
ensure they stopped feeding. A study examining the
effect of site attachment on the diet and attachment
duration of gnathiids is needed to determine its role in
the variation in feeding behaviour observed in this study.

Praniza 3 (P3) larvae feeding behaviour

That the P1 and P2 larvae engorgement rates, diets,
gut volumes, and drop-off rates from fish were very
similar to each other but different to that of P3 larvae is
of interest. Smit et al. (2003) also found that P1 and P2
larvae remained on fish for similar mean lengths of
time, 2.3 and 2.7 h respectively, while P3 larvae
remained on fish almost 5 times longer (10.1 h). P3 lar-
vae may differ from the younger larval stages because
they will next moult into adults and so have higher
energy requirements. Reproduction in animals is ener-
getically costly. Gnathiid females produce fully devel-
oped infective young and males defend harems (Upton
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1987a), both of which are likely energetically demand-
ing. If the red material in guts has a higher energetic
content than that of pale yellow material, it may explain
why the final third larval stage fed more on this mater-
ial than the smaller gnathiids. Their larger gut volume
would also allow them to store more food. This is the
case in ticks, where the ratio of whole blood to extra-
vascular fluid is usually greater during the later stages
of the feeding cycle and in older instars (Evans 1992).
Egg productivity in some ticks is also dependent on the
nutritional status of the female which depends on the
amount of blood she has ingested (Balashov 1971).
More information is needed on the nutritional value of
the red and pale yellow material in the guts of gnathiids.

Although P3 larvae may thus benefit by obtaining
more food than smaller larvae, time spent on a fish may
also come at a cost. Presumably, the longer time a
gnathiid spends on a fish the higher the risk of preda-
tion from cleaner fish, which eat large numbers of
gnathiids (Grutter 2002).

Abundance of gnathiids per fish

The mean (+SE) abundance of gnathiiids per Hemi-
gymnus melapterus was 126 + 32, which is approxi-
mately 6 to 9 times that found on similar sized H.
melapterus (mean = SE of 13.4 = 2.9 to 21.5 = 4.7
gnathiids per fish) in the wild at Lizard Island (Grutter
& Poulin 1998b). The range of gnathiid abundance per
fish was also wide (7 to 894). Gnathiid abundance,
however, was not correlated with the rate of gut
engorgement, the proportion of guts with red material
in gut, and the rate at which gnathiids dropped off fish,
implying that gnathiid abundance had no significant
effect on the patterns observed.

Implications for fish cleaning behaviour

Larvae of the Gnathia species studied here feed
rapidly and then quickly leave the host fish Hemigym-
nus melapterus. This is supported by the fact that they
rapidly leave stressed H. melapterus (Grutter 1995b).
As gnathiids infest fish at all times of the day and night
(Grutter 1999c) and are found on the host at all times of
the day (Grutter & Poulin 1998b, Grutter 1999c, Grut-
ter & Hendrikz 1999), their rapid movement onto and
off the fish implies that the total number of gnathiids
infesting fish over a time period is likely to be several
times higher than that found per fish at any one point
in time. This supports the idea that their turnover rate
on fish is relatively high (Grutter 1996), which in
turn has important implications for understanding fish
cleaning behaviour. Gnathiid larvae are one of the

most common parasites eaten by cleaner fishes (see
review by Grutter 2002). For example, the cleaner
wrasse Labroides dimidiatus eats approximately 1200
gnathiids daily (Grutter 1996); a rapid turnover rate of
gnathiids thus provides a steady supply of food. For
gnathiids, however, short infestation times may reduce
the risk of predation by cleaner fishes (Grutter 2002).

A rapid turnover rate of gnathiids may explain why
some fish species seek cleaner wrasse so often. For ex-
ample, individual barred rabbit fish Siganus doliatus
are cleaned by Labroides dimidiatus, on average,
144 times a day, or once every 5 min (Grutter 1995a). By
seeking cleaner wrasse repeatedly, ‘client’ fish have
more gnathiids removed than if they sought them only
once for a longer period. This is because additional
gnathiids, which would have infested fish after the pre-
vious visit to a cleaner wrasse, are quickly removed.

The rapid engorgement rate of gnathiids may also
explain why some fish species seek cleaner wrasse so
often. To minimize the effects of gnathiids on the host, it
would be advantageous to remove them quickly, before
they remove much blood. As only 30 % of gnathiids had
an engorged gut after 5 min of exposure to fish, a strat-
egy (such as that by Siganus doliatus) of employing visits
every 5 min would likely ensure that many gnathiids
were removed before they had become fully engorged.
Indeed, gnathiids without an engorged gut have been
found in the diet of cleaner wrasse (pers. obs.).
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