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ABSTRACT: The rate at which parasites (mainly gnathiid isopod larvae) were removed from fish by the
cleaner wrasse Labroides dimidiatus was investigated. To examine the effect of this parasite removal
on the parasites of fish, the number of parasites removed per individual host fish Hemigymnus
melapterus per day was estimated and compared to the infection rate and abundance of gnathiids on
H. melapterus. The study was conducted at Lizard Island, Great Barrier Reef, Australia, using a combi-
nation of observations of the feeding rates of cleaners, estimates of how much time individual hosts
spend being cleaned, cleaner fish stomach content analyses, and a gnathiid manipulation experiment.
The frequency and duration of inspection by L. dimidiatus were measured to provide an estimate of the
feeding rate. Individual L. dimudiatus spent on average 256 = 11 (SE) min d ' inspecting 2297 + 83 fish.
L. dimidiatus consumed a large number of parasites (1218 = 118, mainly gnathiid isopods} each day.
The estimated predation rate by L. dimidiatus was 4.8 = 0.4 parasites per minute of inspection or 0.5 +
0.05 parasites per inspection. The infection rate of gnathiids onto fish was high, with reduced gnathiid
loads (by about 50 %) on fish returning to levels similar to control fish within 1 to 6 d. These high infec-
tion rates suggest that a significant proportion of gnathiids removed by cleaner fish are quickly
replaced. The high predation rate relative to the number of gnathiids on fish and their infection rate
shows that cleaner fish have an effect on the abundance of gnathiids on fish.
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INTRODUCTION

To understand the ecological significance of clean-
ing behaviour in reef fish, information on the effect of
cleaner fish on parasites is needed. How cleaner fish
affect parasites is dependent on the rates at which par-
asites are removed by cleaner fish and added through
colonization. Examining the rates and processes
involved in parasite removal and infection provides
insight into the mechanisms involved in cleaner-fish/
parasite interactions; however, few workers have
taken this approach.

The effect of cleaners on host fish has been mea-
sured by removing all cleaner fish from reefs and mea-
suring the subsequent effect on host fish (Limbaugh
1961, Youngbluth 1968, Losey 1972, Gorlick et al.
1987, Grutter 1996a). Of these, only Gorlick et al.
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(1987) have been able to demonstrate quantitatively an
effect of a cleaner fish on an ectoparasite in the field.
They found that cleaner fish influenced the size fre-
quency distribution of a parasite species on a fish spe-
cies, with fish having larger parasites in the absence of
cleaner fish. Such studies provide information on the
long-term effects of cleaners on fish. However, to
understand what produces these effects, information
on processes involved in the removal of parasites is
needed.

The rate at which parasites are removed from fish
(predation rate) provides information on the short-term
dynamics of parasites in cleaning interactions. Two
approaches have been used to measure rates of preda-
tion on parasites by cleaner fish. Gut content has been
used as a measure of the amount of food eaten daily in
conjunction with estimates of densities of cleaner fish
and host fish (to calculate predation rates per m? of reef
area and per host fish per day) (Losey 1974). Estimates
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of daily consumption by temperate cleaner fish have
been obtained by estimating the number of parasites
on fish before and after adding cleaner fish to caged
salmon (Treasurer 1994). However, both these esti-
mates are probably conservative because the former
does not account for the movement of food through the
gut and the latter does not account for the potential
turnover of parasites on fish.

Rates of predation on parasites by cleaner fish can
also be obtained using a combination of diet analyses
and cleaner fish feeding rates. Such an approach also
provides insight into the feeding biology of cleaner
fish. Diet analyses made throughout the day and cor-
roborated with an estimate of the time required for
food to pass through the digestive tract provide a more
reliable estimate of the food eaten per unit time. Feed-
ing rates of cleaner fish can be estimated using the
duration of inspection of hosts as this is correlated with
the number of bites taken by cleaner fish (Youngbluth
1968, Losey 1971). The predation rate is, thus, the
number of parasites eaten per unit time of inspection
by cleaners. This is calculated by dividing the number
of parasites eaten per unit time by the feeding rate
{duration of inspection) of cleaners per unit time. Coral
reef fish behaviour often varies throughout the day
(Polunin & Klumpp 1989, Hobson 1991, Choat &
Clements 1993). By repeating observations of inspec-
tion behaviour by cleaner fish throughout the day, tem-
poral variation in feeding rates is accounted for, result-
ing in a more accurate estimate of predation rates by
cleaner fish.

The number of parasites removed per individual fish
per day can be estimated using predation rates and
estimates of the amount of time individual hosts spend
being inspected by Labroides dimidiatus per unit time
(Grutter 1995a). Information on the infection rate
provides an estimate of the rate at which parasites
removed by cleaner fish are replaced through colo-
nization. The rate of infection of parasites onto host fish
can be estimated by reducing the number of parasites
on fish and assessing the time required for parasite lev-
els to return to normal. These estimates of predation
rates by cleaner fish and infection rates of parasites,
when combined with information on the gnathiid loads
of fish, provide insight into the potential impact of
cleaner fish on gnathiid abundance on host fish. This
method is particularly useful for examining the effect
of cleaner fish on mobile fish species as these species
cannot be used in traditional cleaner fish removal
experiments.

This study estimates the rate at which parasites
(mainly gnathiids) are removed by the cleaner wrasse
Labroides dimidiatus from host fish using observations
of the feeding rates of cleaner fish, diet analyses, and
estimates of the amount of time individual host fish

spend being cleaned. The effect of parasite removal on
the abundance of parasites on fish is explored using
estimates of (a) the total number of parasites removed
per individual fish per day, (b) the number of gnathiids
on fish, and (c) the rate of infection of gnathiids onto
fish. The parasite predation rate by L. dimidiatusis cal-
ibrated for changes in feeding rates throughout the
day and is corroborated with an estimate of the rate of
passage of food through the digestive tract. The fish
species Hemigymnus melapterus is used in this study
because its parasite assemblage is well known and
includes gnathiid isopods (Grutter 1994) and because
information on procedures for manipulating the abun-
dance of gnathiids on this species is available (Grutter
1996Db).

METHODS AND MATERIALS

Feeding rates. The duration of cleaner fish inspec-
tion of host fish, which involved visual examination of
the body surfaces and or gills of host fish, was used as
an estimate of amount of feeding by Labroides
dimidiatus. The duration and frequency of inspection
were tested for temporal differences within and among
days. This information was also used to estimate the
total duration of inspection and the total frequency of
inspections per day per L. dimidiatus and for calculat-
ing the rate of predation on parasites per unit time of
inspection. The length of an inspection event was
determined from the time when a cleaner fish
approached a host fish until it departed the host.

Eight adult Labroides dimidiatus were selected hap-
hazardly at North Point on Lizard Island, Australia
(14° 40' S, 145° 26' E), along the reef crest and slope (2
to 7 m) and their locations marked on a map. Cleaner
fish and host fish were given 1 to 2 min to habituate to
diver presence prior to commencing observations. A
total of 50 h of observations were made by 2 observers.
Each L. dimidiatus was observed for 15 min from a
distance of 3 to 5 m. The duration of each inspection
of a host fish by L. dimidiatus was recorded and the
frequency of inspections calculated from these. The
observations were made during 5 time periods
(05:45-8:00, 08:15-10:45, 11:30-13:15, 15:00-17:10,
and 17:10-19:00 h) to account for temporal variation in
inspection rates.

Observations were made in December—January on
30 December 1992, and 2 and 10 January 1993. To
determine whether these estimates were representa-
tive of cleaning rates throughout the year, 2 additional
days of observations were made on 24 July 1993 and
27 October 1993. To examine the relationship between
the duration of inspection and the number of bites
taken by Labroides dimidiatus, the number of bites
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taken by L. dimidiatus was also recorded by 1 observer
on 27 October 1993.

Parasite ingestion rate. To calculate the number of
parasites eaten by adult Labroides dimidiatus per unit
time, cleaner fish were collected throughout the day.
Collections of fish began and ended when {ish left and
entered their sleeping holes. Fish (n = 7 to 9) were col-
lected during 6 periods (06:00-06:59, 09:00-9:59,
10:00-11:59, 13:00-13:59, 14:00-15:59, 16:00-17:59 h)
on 5 days in November 1993. The number of parasites
in their digestive tract was quantified following Grut-
ter (1995b). The heads of gnathiid isopods were used to
estimate gnathiid abundance as heads remain intact
throughout the gut.

Gut clearance rate. To estimate the rate of food pas-
sage through the digestive tract of adult Labroides
dimidiatus, the gut was labelled with empty Artemia
cysts mixed with live Artemia to ensure ingestion. This
feeding experiment was conducted in the field. Arte-
mia and cysts were held in a 2 1 quick-seal plastic bag
which was opened briefly, 50 to 150 cm from L.
dimidiatus, releasing several hundred live Artemia
and cysts which were immediately eaten by L. dimidia-
tus. Fish (n = 6 to 9 per time interval) were then col-
lected at subsequent time intervals for diet analyses (0,
1-2, 2-3, 3-4, and 4-7 h). The whole gut was divided
into 5 equal segments and the number of cysts in each
segment was quantified. The proportion of cysts in
each segment was plotted against time to estimate the
time required for cysts to pass through the gut. Fish
were collected from North Point in January 1993.

Number of parasites removed per individual fish
per day. The number of parasites removed per individ-
uval Hemigymnus melapterus per day was estimated
with the product of the predation rate (number of par-
asites eaten per unit time of inspection; see ‘Statistical
analyses’ section) and the amount of time individual
hosts spent being inspected by cleaner fish per day.
The amount of time individual fish (10 to 15 cm) were
inspected per day was estimated by multiplying the
average duration that H. melapterus were inspected
per 30 min [30.6 + (SE) 0.625 s, which was not signifi-
cantly different throughout the day; Grutter 1995a], by
the average number of waking hours of Labroides
dimidiatus (12.65 = 0.04 h).

Parasite infection rate. The rate of infection of
gnathiids onto the host fish Hemigymnus melapterus
was estimated by measuring the time required for
reduced levels of gnathiid isopods on treated fish to
return to normal and comparing these with control
fish. Treated fish (n = 7) were captured with a net,
immediately placed in separate plastic bags, and taken
to the boat (following Grutter 1996b). The number of
gnathiids was reduced by placing each fish in a shaded
container with seawater (10 to 20 1) for 2 h (Grutter

1996b). This method has been shown to reduce the
number of gnathiids on this fish species by 73 + 7.6 %
(Grutter 1996b). Fish were tagged (see below) and
recaptured 1 to 16 d later.

Control fish (n = 20) were captured as above but not
released. Nine of the control fish were left in plastic
bags and all their parasites quantified. To estimate the
proportion of gnathiids removed above, the parasite
loads of the remaining control fish (n = 11) were
reduced as above. However, these fish were not
released but were retained to quantify the parasites
remaining on their body. This experiment was con-
ducted between December 1992 and January 1993 on
2 large patch reefs (approximately 180 x 100 m and
75 x 100 m).

Tagging. In order to recapture treated individuals,
Hemigymnus melapterus were tagged by a dermal
injection of acrylic paint (Vynol-Derivan, Alexandria,
Australia) on the operculum. Two 5 to 8 mm stripes of
different colored paint were used on each operculum
to aid in the identification of individual fish. During
tagging, fish were held in 2 1 quick-seal plastic bags
with some seawater to reduce handling stress and to
contain parasites.

Statistical analyses. The sum of the duration of all
inspections per observation (15 min) was used in
all analyses. Separate univariate repeated-measures
analyses were used to test for differences in the dura-
tion and in the frequency of inspection per observation
period among times periods of day and among the
5 days. The above analyses were repeated with only
the 3 days in December-January in order to avoid any
potential seasonal confounding effects when calculat-
ing predation rates for December-January, and to
determine whether or not to average across times of
day and days when calculating the mean duration and
frequency inspection. Outliers had a marked effect
on the homogeneity of variance among treatments
[Mauchly’s sphericity test applied to orthogonal com-
ponents had significant y* values (p < 0.05)], but these
could not be omitted because univariate repeated-
measures analyses cannot be run with missing values
(SAS 1991). The study also required estimates of the
normal feeding rates of cleaner fish which could be
biased by outliers. Therefore, outliers (values 2 to 6
times higher than the mean) were replaced with means
and these data were used in all analyses. Sphericity
tests conducted without outliers indicated that the
assumption of homogeneity of variance was satisfied.
Two outliers in the duration of inspection (1533 and
1664 s) were replaced with the overall mean (280 s)
and 1 outlier for the frequency of inspection (127) was
replaced with the overall mean (52.5). Because unad-
justed tests in univariate repeated-measures analyses
are extremely sensitive to the assumption of sphericity,
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the Greenhouse-Geisser adjusted procedure for the
significance test was used as it maintains Type 1 error
rate at or below the nominal value (Maxwell & Delaney
1990). The beginning and end of the day were defined
as the mean time fish were observed leaving and
entering their sleeping holes respectively.

The predation rate of Labroides dimidiatus (number
of parasites eaten per unit time of inspection) was esti-
mated by dividing the number of parasites in a full gut
by the inspection time required to achieve a full gut. It
was assumed that the gut was full when parasite num-
bers in the diet reached a maximum (the time required
to achieve a full gut was compared with the estimate of
the food passage rate to determine whether gut evacu-
ation occurred before the gut was full). To find the
maxima, the total number of parasites per gut was plot-
ted against time of collection and a line fitted using
locally weighted regression scatter-plot smoothing
(LOWESS regression; Trexler & Travis 1993). The peak
in the above plot was assumed to represent a full gut.
The standard error of this value was calculated using
the number of parasites in the diet of fish collected
around this time (n = 10). [t was assumed that the effi-
ciency of cleaner fish predation is the same throughout
the day.

To estimate the total number of parasites eaten per
individual cleaner fish per day the predation rate was
multiplied by the mean total duration of inspection per
day (see 'Results' for calculation of latter). The number
of parasites removed per fish inspected was calculated
by dividing the mean total number of parasites eaten
per day by the mean total frequency of inspections per
day (see ‘Results’ for calculation of latter). Appropriate
standard errors were calculated for the above estima-
tions (Parratt 1966).

An analysis of covariance (ANCOVA) was used to
test whether the number of parasites on recaptured
fish was the same as on control fish with standard
length of fish (SL) as the covariate. The same analysis
was used to test for differences in the cumulative num-
ber of gnathiids recovered from treated {ish (parasites
in container plus on recaptured fish) and the number of
gnathiids on controls. The slopes were not significantly
different in both ANCOVAs (p = 0.342 and p = 0.293
respectively) so the interaction term was dropped (SAS
1991). For the ANCOVAs, data were natural log trans-
formed to satisfy the assumption of linearity.

RESULTS
Feeding rates

The duration of inspection by cleaner fish did not
differ among times of day nor among the 5 days
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Fig. 1. Labroides dimidiatus. Inspection rates by cleaner fish

during several time periods of day and on several days. (a)

Sum of the duration of all inspections per 15 min observation

period. (b) Number of inspections per 15 min observation
period. Error bars show +SE

(Table 1a). However, the interaction term (Time of day
x Day) was significant (Table 1a), which indicates the
duration of inspection among times of day was not the
same over all days. This is likely due to inspections on
24 July which were higher during the midday hours
compared with other days (Fig. 1a). Among the 3 days
in December-January, there was no significant differ-
ence in the duration of inspection among times of day
nor days (Table 1b), therefore the mean duration of
inspection was calculated by averaging across times of
day and days [303 = (SE) 13 s/15 min].

The estimated mean total duration of inspection by
cleaner fish per day was 256 + 11 min and includes all
host fish species inspected in a day. This estimate is
based on a daily activity of 12.65 = 0.04 h, determined
from the mean time that cleaners left and entered their
sleeping holes (06.03 £ 0.02 and 18.68 + 0.04 h respec-
tively).
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Table 1. Labroides dimidiatus. Univariate repeated-measures
analysis testing for differences in the duration of inspection
{summed over 15 min) by cleaner fish among time periods of
day and among days. (a) Duration of inspection on 5 days. (b)
Duration of inspection on 3 of the 5 days (December-January)

Eource F df P

(a)

Time of day (T) 0.47 4,28 0.685
Day (D) 1.66 4,28 0.233
TxD 14.26 16,112 0.001
{b)

T 2.51 4,28 0.124
D 3.84 2,14 0.054
TxD 0.73 8,56 0.585

Table 2. Labroides dimidiatus. Univariate repeated-measures
analysis testing for differences in the frequency of inspection
(per 15 min) by cleaner fish among time periods of day and
among days. (a) Frequency of inspection on 5 days. (b) Fre-
quency of inspection on 3 of the 5 days {(December-January)

Source F df p
(a)

Time of day (T) 478 4,28 0.025
Day (D) 0.55 4,28 0.606
TxD 2.02 16,112 0.102
(b)

T 2.46 4,28 0.112
D 0.15 2,14 0.752
TxD 2.89 8,56 0.058

The frequency of inspection among the 5
days varied significantly during the day
(Table 2a) and was highest during the early
morning (Fig. 1b). There were no differences
in the frequency of inspection among the 5
days (Table 2a). The frequency of inspection
in the 3 days in December—January did not
differ among times of day and among days
(Table 2b, Fig. 1b); therefore the mean fre-
quency of inspection was calculated by aver-
aging across times of day and days (45
inspections/15 min + 1). The estimated num-
ber of fish inspected by cleaner fish per day
was 2297 x 83 fish (the product of the mean
frequency of inspection and the mean num-
ber of waking hours of Labroides dimidiatus).

The frequency of bites taken by Labroides
dimidiatus was positively correlated with the
duration of each inspection (Fig. 2), which
shows that duration of inspection is a mea-
sure of feeding in L. dimidiatus. The total
number of bites, the sum of the duration of
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Fig. 2. Labroides dimidiatus. Number of bites taken by
cleaner fish per inspection event compared with the duration
of the inspection

inspection, and the frequency of inspection per obser-
vation follow a similar pattern of activity to each other
throughout the day (Fig. 3). This shows that when the
frequency of inspection and the duration of inspection
were low, L. dimidiatus was also taking fewer bites and
therefore eating less.

Parasite ingestion rate

Most of the parasites in the diet were gnathiid isopod
larvae (99.7 = 0.06%). The remainder consisted of a
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Fig. 3. Labroides dimidiatus. Simultaneous measurements of the feeding
behaviour of cleaner fish throughout the day (27 October 1993)
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Fig. 4. Labroides dimidiatus. Total number of parasites in the

digestive tract of cleaner fish used to calculate their parasite

predation rate and total daily intake of parasites. Mean stan-
dard length of L. dimidiatus was 5.5 + 0.1 (SE) cm

few caligid copepods and other parasitic copepods.
The number of parasites in the diet throughout the day
showed 2 peaks, one at 09:36 h and another at 16:00 h
(LOWESS regression, f = 0.35) (Fig. 4). The average
number of parasites ingested by the time of the first
peak was 343 + 26. The amount of time Labroides
dimidiatus spent inspecting fish from 06:18 to 09:36 h
(at which time its gut was filled), was 72 + 3 min
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Fig. 5. Labroides dimidiatus. Mean proportion of empty shells
of Artemia cysts (+SE} per gut segment of cleaner fish at dif-
ferent times. Sample sizes of guts containing cysts are pro-
vided; numbers in brackets are the total number of fish fed
the Artemia mixture. Note: no fish (n = 9) recaptured more
than 3.7 h after feeding on Artemia contained cysts. Mean
standard length of L. dimidiatus was 5.4 + 0.1 cm

(product of 303 + 13 s of inspection/15 min and 3.57 h).
This gave an estimated predation rate of 4.8 + 0.4 par-
asites eaten per minute of inspection (343 + 26 para-
sites d~! divided by 72 + 3 min inspection d™!). When
the predation rate was multiplied by the total duration
of inspection per day (256 + 11 min), the estimated total
number of parasites eaten per cleaner fish per day was
1218 + 118. Therefore, the number of parasites re-
moved per inspection was 0.5 + 0.05 (number of para-
sites eaten d~! divided by number of fish inspected
a-h.

By the time cleaner fish had a full gut, roughly 6 bites
were taken for every parasite eaten, which shows that
not all bites involved the removal of parasites. This was
estimated by dividing the total number of bites taken
during the time interval (the product of the mean bite
rate during this time interval and the time interval) by
the number of parasites in a full gut.

Gut clearance rate

The maximal time required for food to pass through
the gut was slightly over 3.7 h (Fig. 5). Cysts were
found in the fifth segment 1.47 to 3.7 h after they were
eaten while none of the 9 fish collected after this time
had any cysts in their gut. Such a rate of digestion is
consistent with the estimate of the total number of
parasites eaten per day. Empty shells of Artemia cysts
were easily distinguished throughout the gut. Al-
though not all fish collected contained cysts, the num-
ber of fish which did was sufficient to estimate the time
required for food to pass through the gut. Many of the
guts without cysts contained Artemia nauplii, which
indicates they were involved in the feeding experi-
ment. However they were not used for estimating gut
clearance rates as Artemia were only identifiable in
the gut when in large quantities and only in the fore-
gut.

Number of parasites removed per fish per day

An estimated 61 + 3 parasites were removed per
individual Hemigymnus melapterus (10 to 15 cm) per
day. These fish have, on average, 11 = 3 gnathiids per
individual.

Parasite infection rate

The rate of infection of gnathiids onto fish was high.
The number of gnathiids on recaptured Hemigymnus
melapterus was not significantly different from that on
control fish [ANCOVA, Treatment: F=1.26, df = 1,34,
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p = 0.269; covariate (SL): F = 19.45, df = 1,34, p <
0.001], which indicates that gnathiid abundance had
returned to control levels during an interval of 1 to 16 d
(88% of fish were collected within the first 6 d of
releasing fish) (Fig. 6a). Because of the difficulties
associated with finding and then collecting tagged
fish, it was not possible to recapture fish at regular
intervals. The total cumulative number of gnathiids
recovered from treated fish (gnathiids in container plus
on recaptured fish) was significantly higher than on
control fish [ANCOVA, Treatment: F=14.97 df = 1,34,
p < 0.001; covariate (SL): F = 2551, df = 1,34, p <
0.001]. Thus gnathiids quickly recolonized treated fish
after they were released (Fig. 6b). Placing control fish
in a container lowered gnathiid numbers by 50 + 7 %.
Parasite manipulations and tagging did not appear to
alter the behaviour of the fish in the field as observa-
tions after their release indicated that they fed and
behaved normally.

DISCUSSION

Labroides dimidiatus inspect a large number of fish
and in the process feed on large numbers of parasites
(mainly gnathiid isopods). The movement of gnathiids
onto fish (infection) and off fish (mortality by predation
from cleaner fish or emigration) is highly dynamic. The
large number of gnathiids removed per individual fish
on a daily basis, relative to the number of gnathiids on
fish at a given time, shows that cleaner fish have an
effect on the abundance of gnathiids on fish. However,
more information on the carrying capacity of gnathiids
on hosts and the processes involved in the infection of
gnathiids onto fish is needed to determine to what
extent gnathiid abundance is suppressed.

Labroides dimidiatus is an effective predator and
removes, on average, 4.8 parasites (mainly gnathiids)
min~! inspection or 0.5 parasites for each fish inspec-
tion event. Individuals of some fish species are
cleaned, on average, about 3 to 6 times per 30 min (e.g.
Hemigymnus melapterus 10 to 15 cm SL are inspected
3.7 times/30 min) (Grutter 1995a). The number of
cleaning events individual fish experience may there-
fore be as high as 144 inspections d ! (Grutter 1995a).
It is therefore likely that some fish have many parasites
removed on a daily basis.

The number of parasites removed per fish inspected
is similar to that of Losey (1974), who estimated that
cleaner gobies in Puerto Rico ate 0.5 gnathiids per host
fish. Losey also estimated that cleaner gobies in Puerto
Rico ate 1.6 parasites m~2 reef area while Labroides
phthirophagus in Hawaii ate only between 0.003 and
0.03 parasites d™! m~2 Based on these large differ-
ences in predation rates, Losey (1974) concluded that
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Fig. 6. Hemigymnus melapterus. Gnathiid isopod abundance
on host fish of various lengths (SL), used for estimating
gnathiid infection rates. (a) Number of gnathiids on control
fish and on treated recaptured fish (1 to 16 d after their
gnathiid loads were reduced by 50 %). (b) Number of gnathi-
ids on control fish compared with the cumulative number of
gnathiids recovered from treated fish (sum of the number of
gnathiids on fish after 1 to 16 d plus the gnathiids removed on
Day 0). Fish are labelled with the number of days from para-
site manipulation to recapture

cleaning in Puerto Rico may be mutualistic. The preda-
tion pressure per unit area at Lizard Island appears to
be much higher than that of Puerto Rico and Hawaii
with an estimated 17.9 parasites eaten m * d~! (based
on 1.47 L. dimidiatus 100 m~% Green 1994). However,
caution must be taken when making comparisons
between these studies, as Losey’s (1974) predation
rates are based on gut contents and the abundance of
cleaner fish and host fish, while this study was based
on cumulative gut contents and the feeding behaviour
of cleaner fish.
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The rate of infection by gnathiids onto Hemigymnus
melapterus was relatively high. The abundance of
gnathiids (which had been reduced by about 50%) on
treated fish quickly returned to levels of gnathiids
found on control fish. Thus, on average, gnathiid abun-
dance on fish doubled from the time fish were initially
treated to when they were recaptured. The majority of
treated fish (88 %) were recaptured within 6 d (Fig. 6).
However, many of the total cumulative parasite loads
on treated fish recaptured in less than 6 d appear to be
higher than control fish (Fig. 6b). This suggests that the
doubling of gnathiid abundance occurred in less than
6 d. Other studies have found that gnathiids, which are
only temporary parasites, remain on hosts for ‘several
hours' (Stoll 1962), 2 to 4 h or 1 or more days depend-
ing on site of attachment (Paperna & Por 1977), and 2 to
24 h (Davies 1981). Thus complete reinfection of H.
melapterus by gnathiids likely occurred in less than
6 d.

By multiplying the predation rate by an estimate of
the time that individual Hemigymnus melapterus
spend being inspected by Labroides dimidiatus in a
day, the number of parasites (mainly gnathiids) that
were removed from an individual H. melapterus was
estimated (61 = 5). This number is about 6 times higher
than the number of gnathiids found on individual hosts
at a given time (11 + 3). The removal of such a high
number of gnathiids on a daily basis, relative to the low
standing crop of gnathiids, is possible if the turnover
rate of gnathiids on fish is high enough that gnathiids
removed by cleaner fish are quickly replaced by other
gnathiids. This study and other studies (Stoll 1962,
Paperna & Por 1977, Davies 1981) suggest that the
infection rate of gnathiids can be relatively high.

Whether the predation rate has an impact on
gnathiid abundance on Hemigymnus melapterus
depends on the infection rate. The estimated infection
rate in this study predicts a doubling in gnathiid abun-
dance in 1 to 6 d. This infection rate of gnathiids onto
fish is little compared to the daily predation rate
(61 + 5), which is 6 times the standing crop of gnathiids.
This suggests that gnathiid abundance on H. melap-
terus is suppressed by Labroides dimidiatus. Individu-
als of other fish species are cleaned as often as or even
more than H. melapterus (Grutter 1995a) and also have
gnathiids (Grutter 1994). Thus a similar effect of
cleaner fish predation on gnathiids is to be expected on
these fish species.

There is evidence that gnathiids mainly infect fish
during the night (Potts 1973, Paperna & Por 1977). It is
therefore highly likely that a proportion of gnathiids
removed by cleaner fish during the day may be
replaced at night. If much infection occurs at night, the
effect of cleaner fish on gnathiid abundance may be
temporary and occur only during the day.

Despite heavy predation on gnathiids by cleaner
fish, hosts still have gnathiids. Whether this abundance
is lower than the maximum carrying capacity of
gnathiids on hosts is crucial to understanding the
extent to which cleaner fish suppress gnathiid abun-
dances. High gnathiid densities on fish have been
reported but these have been on captive fish (Paperna
& Por 1977, Mugridge & Stallybrass 1983). Whether
such high densities occur in the wild are unknown.
The number of gnathiids on fish increases with the size
of Hemigymnus melapterus (Fig. 6) and with the size of
the fish species (Grutter 1994) suggesting an effect of
space on the abundance of gnathiids. Studies on the
effect of the absence of cleaner fish on gnathiid abun-
dances are needed to resolve this question.

Possibly, the standing crop of gnathiids is related to
the number of cryptic sites on fish. The time gnathiids
remain on fish after engorgement varies according to
the site of attachment, with gnathiids attached to the
gills and pharyngeal chamber remaining on the fish
much longer than those on the skin (Paperna & Por
1977). This behaviour may be related to risk of preda-
tion, and may explain why reduced levels of gnathiids
on treated fish did not keep increasing but ‘stabilized’
at numbers similar to those on controls.

The predation estimates assume that parasites are
evenly distributed among fish. However, this is un-
likely as parasite loads and species composition are
often host-specific (Grutter 1994}. Labroides dimidia-
tus also feeds selectively on gnathiids (Grutter 1995b),
whose abundance often varies according to the size of
fish (Fig. 6, Grutter 1994). Furthermore, L. dimidiatus
foraging efficiency probably varies among fish species
due to differences in host fish morphology and behav-
ioural responses among species. Therefore, the num-
ber of parasites L. dimidiatus obtains per unit time
probably varies among fish sizes and species.

Higher rates of feeding by cleaner fish in the morn-
ing may be due to several factors. Labroides dimidiatus
may become satiated after feeding at a rapid rate and
respond by lowering its feeding rate. This has been
shown for skipjack tuna, which reduces its responsive-
ness to food when its stomach is half full (Magnusen
1969). Alternatively, since host fish have some control
over the outcome of a cleaning interaction (Losey
1971), the possibility arises that the behaviour of hosts
may influence the feeding behaviour of L. dimidiatus.
Potts (1973) suggested that hosts were more available
in the morning as a result of increased infection of
gnathiids at night. Although a preliminary investiga-
tion has revealed no significant effect of time of day on
individual host cleaning rates (Grutter 1995a}), only 7
host fish species were examined. Finally, coral reef fish
often behave differently in the morning and/or at
nightfall compared to midday (Polunin & Klumpp 1989,
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Hobson 1991, Choat & Clements 1993). The fact that
the frequency of inspection varied more among times
of day than the duration of inspection suggests that
factors which influence host fish abundance influence
how many fish cleaners inspect.

Although the duration of inspection among days and
the interaction term (Time of day and Day) for the {re-
quency of inspection in December-January were
almost significant (Tables 1b & 2b), both were aver-
aged across times of day and days. This may have
introduced some error into the estimates of daily dura-
tion and frequency of inspection. More studies are
needed to examine temporal variation in the inspec-
tion variation of Labroides dimidiatus.

The longer duration of inspection by Labroides
dimidiatus in July (Fig. la) suggests there may be sea-
sonal variation in feeding rates. There is considerable
temporal variation among months in the abundance of
gnathiids in the diet of L. dimidiatus, and in the size
frequency distribution of gnathiids in the diet and on
a host fish Hemigymnus melapterus (Grutter 1995b).
Such temporal changes in the diet probably coincide
with changes in foraging patterns and feeding rates.
Although there was little variation in the duration of
inspection among days in December-January, the
feeding rates in July were only recorded on 1 day and
must therefore be interpreted cautiously. More obser-
vations at different times are needed to determine
whether there is seasonal variation in feeding rates of
L. dimidiatus.

The number of gnathiids consumed daily per cleaner
fish, when converted to biomass (223 ng) (following
Grutter 1995b), is 7% of the body weight of Labroides
dimidiatus. This estimate agrees with the estimates of
the daily requirements of similar sized fish (Daan 1973,
Ruggerone 1989). Organisms similar to gnathiids, crus-
tacean zooplankton, are high in protein (Parsons &
Takahashi 1973). These suggest gnathiids probably
provide the bulk of the food requirements of L.
dimidiatus.

The bimodal pattern of parasite abundance in the
diet throughout the day may be due to changes in
feeding rates throughout the day and to a delay in gas-
tric emptying. If feeding rates (and defecation rates)
are constant, then parasite abundance in the gut
should reach an asymptote. Instead, parasite abun-
dance increased rapidly in the morning while feeding
rates were high, and then, although the numbers of
parasites in the diet did appear to reach a maximum (at
09:36 h), the number of parasites in the gut dropped.
This drop is probably partly due to reduced feeding
rates at this time and to the gut clearance rate. Assum-
ing that gastric emptying continued at a constant rate,
the continued decline in parasite abundance in the gut
during midday suggests that the intake of parasites

was reduced as a result of depressed feeding rates.
This is reinforced by the increase in parasite abun-
dance in the gut which coincided with an increase in
feeding rates. Such variable patterns in gut contents
have important implications for the timing of sampling
of gut contents.

The time required for food to pass through the diges-
tive tract (about 3.7 h) agrees with a similar gut clear-
ance study which also used labelled food, fish that fed
continuously and were of a similar size to Labroides
dimidiatus, and a similar water temperature (Noble
1973). The rate is consistent with and therefore corrob-
orates the estimate of the total number of parasites
eaten per cleaner fish per day.

This study suggests that cleaner fish suppress
gnathiid abundances on fish. Whether hosts benefit
from the removal of gnathiids depends on their effect
on hosts. The effects of gnathiids on hosts vary, rang-
ing from slight blemishes (Davies 1981) and lesions
(Monod 1926), to heavy inflammation and hypertrophy
of tissues (Honma et al. 1991), and death (Paperna &
Por 1977, Mugridge & Stallybrass 1983). The latter
deleterious effects, however, occurred in captivity
(Paperna & Por 1977, Mugridge & Stallybrass 1983)
and involved large gnathiids (Paperna & Por 1977,
Honma et al. 1991). Gnathiids at Lizard Island are rel-
atively small (Grutter 1994) and therefore may not be
as damaging to the host. There is circumstantial evi-
dence that gnathiids may be a vector for the blood par-
asite Haemogregarina bigemina but this has not been
refuted nor substantiated (Davies & Johnston 1976).
Whether gnathiid parasites have any lasting effect on
the health of host fish is therefore unclear.
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