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ABSTRACT: The close coupling between producers and consumers of inorganic nutrients is generally assumed to be important to maintaining high productivity on coral reefs. I examined whether a
tight cycling of nutrients exists between benthic microalgae and sediment-feeding holothurians
(Stichopus chloronotus and Holothuria atra). Benthic microalgae had an increased production (measured as O2 evolution) after exposure for more than 3 h to effluent water from tanks containing
holothurians. Direct addition of phosphate and ammonium suggested that this increase was mainly
caused by the excretion of ammonium. In experiments in which a part of the sediment area was inaccessible to the holothurians, microalgae production significantly increased in aquaria containing
holothurians, irrespective of whether microalgae were grazed or protected from grazing. Thus, it
could be inferred that production enhancement is solely a nutrient effect and not due to other effects
described for other grazers (e.g. removal of senescent cells or reduction of self-shading). The effects
on the microalgal biomass (measured as chlorophyll a and phaeophytin) depended on the actual
grazing intensity. When a high grazing pressure was simulated (e.g. 2 H. atra on 0.116 m2), microalgal biomass was reduced significantly after 7 d compared to control aquaria. At lower grazing
intensities (e.g. 1 S. chloronotus on 0.232 m2), the microalgal biomass increased significantly. A significant negative correlation was found between the amount of sediment consumed in each single
aquarium (measured as the weight of the faeces produced) and the increase in chlorophyll a and
phaeophytin concentrations in the sediment. A comparison with in situ sediment-consumption rates
suggested that holothurians in natural densities have an overall beneficial effect on the benthic
microalgal community. I propose that holothurians and other sediment-feeders are important components of a benthic recycling system that may have some similarity to the planktonic microbial loop.
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INTRODUCTION
Coral reefs are regarded as one of the most productive marine ecosystems in terms of gross productivity
(Sorokin 1990). Although 20 to 30% of the primary production on coral reefs is accomplished by benthic
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microalgal communities on soft sediments (Sorokin
1993), and up to 40% of the Great Barrier Reef (GBR) is
a suitable habitat for these communities (Uthicke &
Klumpp 1998), information on their ecology is sparse.
The trophic flow through grazing pathways is more
important on coral reefs than in temperate shallowwater ecosystems (Hatcher 1983). However, several
studies have indicated that often more than 50% of the
primary production on coral reef systems is channelled
through detritus-based food chains (Crossland et al.
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1984, Johnson et al. 1995, Arias-Gonzáles et al. 1997).
The level of herbivory is high on coral reefs compared
to other benthic systems and a large proportion of benthic primary productivity may be directly consumed by
herbivores (Carpenter 1986, Klumpp & Polunin 1990).
The interaction between herbivore activity and watercolumn nutrient concentrations has been suggested as
the primary factor structuring coral reef communities:
a high coral cover is predicted only in low nutrient concentrations in combination with high herbivore activity
(the ‘relative dominance model’; Littler & Littler 1984).
In aquatic sciences, the term ‘grazing’ is often used
as a synonym for herbivory to describe the consumption of primary producers, but consumption of bacteria
is also often termed grazing (e.g. Montagna 1984, Moriarty et al. 1985, Hansen & Skilleter 1994). The effects
that grazers have on plant production are composed of
negative feedback effects by consumption, and of a
variety of potential positive feedback effects. In the
case where the positive feedback exceeds the negative
effects, the overall production of the plants is stimulated (Mitchell & Wass 1996). The positive feedback
effects of grazers have been relatively well studied in
freshwater environments. The nutrient excretion by
lake zooplankton increases the production of several
phytoplankton species (Porter 1976, Sterner 1986), and
the grazing activity of benthic invertebrates may enhance the availability of nutrients in streams through
enhanced nutrient turnover (‘nutrient spiralling’; Newbold et al. 1982, Mulholland et al. 1991). In marine
plankton, nutrient regeneration rates by grazing zooplankton are often sufficient to satisfy the nutrient
demand of phytoplankton (e.g. Glibert et al. 1988,
Miller et al. 1995). A large fraction of the regenerated
nutrients is derived from the microzooplankton (Miller
et al. 1995), which highlights that flagellates and ciliates in the ‘microbial loop’ (Azam et al. 1983, Lenz
1992) are important in the efficient recycling of nutrients.
An efficient nutrient recycling by a close coupling
between producers and consumers has also been suggested for coral reefs, which usually occur in nutrientpoor environments (Atkinson 1989); however, very few
studies have investigated feedback effects of grazers
in these ecosystems. D’Elia & Wiebe (1990) recognised
this problem and stated that a ‘grazing regeneration
pathway’ may be important to promote high primary
production on coral reefs, and that information on this
pathway is virtually non-existent. Exceptions are studies on the grazing by the echinoid Diadema antillarum,
which was estimated to supply a significant amount of
the N demand of algal turf by ammonium excretion
(Williams & Carpenter 1988). Turf algae grazed by D.
antillarum may have a higher biomass-specific productivity than ungrazed algae or those grazed by fishes

(Carpenter 1986). The latter author concluded that
grazing on coral reefs may be analogous to terrestrial
grazing on grasslands and savannas. In these areas,
the production of grazed plants is often higher than the
production of plants experimentally protected from
grazing by ungulates; this has been attributed to the
removal of senescent tissue, decrease in self shading,
the induction of compensatory plant growth, and/or
the re-mineralisation of plant nutrients by grazers (McNaughton 1979, 1983, see also Milchunas & Lauenroth
1993).
More information exists on the negative, or direct,
effects of herbivory by coral reef organisms on plant
communities. Herbivory by fishes and echinoids may
be an important top-down control mechanism of algal
biomass in coral reef systems (Hatcher 1983, Hatcher
& Larkum 1983, Hay 1984, Hughes 1994). Grazing by
amphipods may influence species composition and
biomass of reef algae (Brawley & Adey 1981). In coral
reef sediments, the number of bacteria was reduced by
the grazing activity of a gastropod (Hansen & Skilleter
1994).
In the present study, I investigated the interaction
between sediment-feeders and benthic microalgae on
coral reefs. Aspidochirotide holothurians provide suitable model organisms for the study of feeding and nutrient recycling of sediment-feeders in coral reef ecosystems because they often occur in high densities and
biomass on the reef flat and backreef, and consume
significant amounts of sediment (Uthicke 1999). The
main food sources of aspidochirotide holothurians are
bacteria, microalgae and dead organic matter of plant
and animal origin (Yingst 1976, Massin 1982, Moriarty
1982).
The production and biomass of benthic microalgae
were reduced by the grazing activity of holothurians in
high experimental densities (Moriarty et al. 1985, Uthicke
1999). In contrast, it has been shown in aquaria experiments (Uthicke & Klumpp 1997) and in situ (Uthicke &
Klumpp 1998) that microalgal production was enhanced when the algae were subjected to water which had
passed holothurians. The latter authors suggested that
this was caused by increased availability of ammonium.
As for most marine invertebrates, the main excretion
products of holothurians are ammonium and small
amounts of phosphate (Pomeroy & Kuenzler 1969,
Webb et al. 1977, Mukai et al. 1989). These nutrients
originate from the digestion and re-mineralisation of
various organic compounds in the sediment. The pool
of P and N in the sediments of coral reefs is usually
high (Entsch et al. 1983, Furnas et al. 1995) compared
to the oligotrophic waters surrounding most coral
reefs. The recycling of these nutrients by benthic grazers is assumed to be important to maintain the high
productivity on coral reefs (D’Elia & Wiebe 1990).
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The aim of the work described here is to investigate
the hypotheses that (1) the previously described enhancement of microalgal production by the presence
of holothurians is caused by a short-term elevation in
the availability of ammonium, and that (2) the sum of
the negative effects caused by consumption of microalgae and the positive effects through nutrient regeneration by sediment-feeders equals zero or is positive.
This has been achieved by a series of experiments and
comparison of the results with known bioturbation
rates from the field.

METHODS
General analytical methods. Chemical methods:
Water samples for nutrient analyses were collected by
syringe and were immediately filtered through acidwashed and precombusted glass-fibre filters (Whatman,
pore size 0.45 µm) and stored at –20°C until analyses.
Nitrate and nitrite were analysed using standard automated techniques (Ryle et al. 1981). Samples for determination of dissolved organic phosphorus (DOP) and dissolved organic nitrogen (DON) were photo-oxidised in
ultraviolet light for 8 h to convert organic into inorganic
nutrient species, and subsequently analysed for nitrate
and nitrite. Ammonium and phosphate concentrations
were determined spectrophotometrically after Koroleff
(1983a,b) with adaptations to a 10 ml sample volume.
Chlorophyll a and phaeophytin contents of the sediment were analysed as described in Uthicke & Klumpp
(1998).
Production measurements: Benthic community production and respiration were measured as variations in
oxygen concentrations with a 4-chamber, data-logging
respirometer described in Klumpp et al. (1987). Measurements for the experiments were performed in an
indoor aquarium room. The production-irradiance curves of benthic communities in aquarium sediments in
petri dishes showed light-saturation points between
200 and 300 µE m–2 s–1 (Uthicke & Klumpp 1997). Therefore, I chose to measure production at a light intensity
of 250 µE m–2 s–1, provided by halogen-floodlight (Osram Halostar 500 W). Initial trials with control chambers containing no sediments showed no measurable
production or respiration of phytoplankton in the water
column of the aquaria water, thus it was not necessary
to use filtered seawater. Water temperature during
the production measurements and experiments varied
between 27 and 29°C. The water inside the incubation
chambers was flushed every 15 min. Oxygen concentration was recorded every minute for three 15 min
intervals each in the light and in the dark. Production
and respiration were calculated by linear regression
of the oxygen concentration values over time. Sedi-
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ment area-specific rates are presented as gross production (adding light values and dark respiration rates)
of oxygen cm–2 min–1.
Effect of nutrient enhancement and holothurian
grazing on sediment microflora. Cultivation of benthic microalgae for aquarium experiments: Sediment
was collected at Great Palm Island (18° 41’ S, 146° 35’ E)
in the central section of the GBR, and transported to
the Australian Institute of Marine Science (AIMS) outdoor aquarium facility. The bulk sediment was kept in
large tanks (1000 l) with a constant flow of natural seawater. At the start of each experiment, approximately
2 kg of sediment was transferred to polycarbonate
containers (29.8 × 39.9 × 20 cm) to create a sediment
layer of 1 cm. The water outflow was 9.5 cm above the
sediment surface. Sediments were left to recover their
microalgal community for 7 to 10 d. Sediments were
not artificially incubated with benthic microalgae,
because microscopic examination showed that after
7 d of pre-cultivation the microflora appeared similar
to that in the field. Sediments in the field and the
experiments were dominated by pennate diatoms
(~1–5 × 106 cells ml–1, Uthicke unpubl. data), with
much lower numbers of cyanophytes, dinoflagellates
and chlorophytes (Uthicke & Klumpp 1997).
In experiments where production measurements were
undertaken, plastic petri dishes (diam. 8.7 cm) were
filled with sediments and embedded to the level of the
sediment surface. For measurements, these sedimentfilled petri dishes were covered with a lid to remove
them from the surrounding sediments with minor disturbance to the algal community. For each set of measurements, 4 dishes were chosen randomly from the
treatments of the respective experiment and inserted
in the respirometer chambers after carefully removing
the lids.
Study animals: All experiments were conducted
with the aspidochirotide holothurian species Stichopus
chloronotus (Brandt, 1835) and Holothuria (Halodeima)
atra (Jäger, 1833). These holothurians are the most
common species in the GBR; they occur in densities of
up to 1.7 m–2 and their biomass may reach 240 g m–2
(wet wt) on GBR reefs (Uthicke 1994, Uthicke unpubl.
data). Individuals for experiments were collected at
Great Palm Island (in the same area as the sediments)
and kept in large tanks at AIMS. In grazing experiments, specimens of S. chloronotus were used to simulate low grazing pressure and of H. atra to simulate
high grazing pressure. These a priori assumptions
were based on my previous experience with the feeding of these animals in captivity (Uthicke 1999). However, estimates for the ‘real’ bioturbation activity in
each experimental unit were obtained and used in
the final regression analysis (see end of ‘Methods’
section).
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Expt A — effect of exposure time: Three experiments
were conducted to determine the influence of exposure
time with elevated nutrient concentrations on microalgal production. Microalgae in the sediments were
pre-cultivated for 8 d in petri dishes as described above.
For each trial, 3 treatment aquaria that received effluent water from tanks containing 4 specimens of each
Stichopus chloronotus and Holothuria atra and 3 control aquaria that received untreated aquarium water
were installed on an aquarium bench in the outdoor
aquarium system. For Expt A1 (1.5, 3 and 4.5 h exposure) and Expt A2 (6, 12, 18 and 24 h exposure), the
petri dishes were placed for exactly the exposure time
into the treatment or control aquaria prior to measurements. After the exposure time, production of microalgae was measured in 10 control and 10 treatment
dishes for each exposure period. In Expt A3 (0, 1, 2, 3
and 4 d), all petri dishes were placed into the treatment
and control aquaria at the beginning of the experiment;
9 replicate measurements were performed for the control and the treatments in this experiment. Measurements for Day 0 were started immediately after the experiment commenced, and the measurements for Days
1 to 4 were performed on the respective days. Since it
took approximately 12 h to measure each 9 control and
9 treatment dishes, samples from Day 0 were actually
exposed from 0 to 12 h, for Day 1 from 22 to 34 h, for
Day 2 from 46 to 58 h, for Day 3 from 72 to 84 h, and for
Day 4 from 96 to 108 h. Nutrient samples for ammonium
determination were taken from treatment and control
aquaria and from the respective inflowing water in
Expts A1 and A2. Similar samples from Expt A3 were
analysed for all nutrient species listed earlier in the subsection ‘Chemical methods’.
Expt B — enhancement with direct addition of phosphate and ammonium: To test whether potential enhancement of the microbenthos production was the
result of holothurian excretion of the examined macronutrients and not of an elevated concentration of some
unknown micro-nutrient(s), I conducted an experiment
with direct addition of phosphate and ammonium.
Forty sediment-filled petri dishes were prepared as described above and the microflora in the sediments was
pre-cultivated for 7 d in 8 glass aquaria (28.3 × 41.8 ×
25 cm) with flowing seawater and aeration in the outdoor aquarium. To control for tank effects, 2 of these
aquaria were assigned randomly to each of 4 treatments. The water in each aquarium was changed 6
times d–1; on each occasion, the sediment algae in the
treatment aquaria were fertilised with a nutrient pulse.
The treatments were only P-addition, only N-addition,
N+P addition, and controls with no nutrients added.
The phosphate treatment received 2.5 ml of 2 mM
NaH2PO4 at each pulse, leading to a phosphate pulse of
0.17 µM. I added 2.5 ml of 20 mM NH4Cl to the nitrogen

treatments to achieve an approximate enhancement of
1.7 µM ammonium. The N+P treatment aquaria received the same amount of nutrients, with both ammonium and phosphate added. These treatments were applied 12 times over 48 h. Thereafter, the production and
respiration of the sediment community of each petri
dish were measured. Water samples from all aquaria
for ammonium and phosphate analyses were taken in
duplicate on 4 occasions after a nutrient pulse.
Expt C — production and biomass of grazed and
ungrazed microalgae: Expts A and B tested the potential positive effect of nutrient elevation on microalgal
biomass and production. To investigate the combined
effects of grazing and nutrient excretion on microalgae, an experiment was designed that separated
aquaria in grazed and ungrazed sides. For logistic reasons this experiment was performed in 2 experimental
runs within 1 mo. In each run, 6 polycarbonate aquaria
were filled with sediments and 6 sediment-filled petri
dishes were placed into each aquarium, and microalgae were pre-cultivated as described above. At the
start of the experimental runs, each aquarium was
divided with a plastic mesh (0.7 cm mesh size) into 2
equal-sized areas, and holothurians were placed only
in one half (the ‘grazed’ side). The water flow was
adjusted to 800–1000 ml min–1 for each aquarium. In
each experimental run, 2 aquaria contained 2 individuals of Stichopus chloronotus, and 2 other aquaria 2
individuals of Holothuria atra. The 2 remaining aquaria
were left empty as controls. Treatments were assigned
randomly to the aquaria. Four samples for determination of chlorophyll a and phaeophytin were taken from
the sediment surface of each grazed and each ungrazed side of the aquaria at the start and the end
(after 7 d) of each experimental run. Similarly, the microbenthos community production in each petri dish
was determined at the start and the end of the experimental runs. Ammonium concentrations in the water of
each aquarium were measured twice during each run
with duplicate samples.
Expt D — time-course of microalgal biomass
changes under grazed and ungrazed conditions: To
investigate the biomass development of grazed and
ungrazed microalgal communities over time, an
experiment was conducted using a similar setup as in
Expt C. In Expt D, the grazing intensity was reduced,
however, because 2 holothurians had access to sediments in the whole aquarium area. The ungrazed
microalgae were located in an aquarium placed next
to each aquarium containing the grazed microalgae.
Aquaria with grazed microalgae were elevated on
bricks to allow passive flow of effluent water (800 to
1000 ml min–1) via a connection tube to the aquaria
with ungrazed microalgae. Six of these aquarium
pairs were installed in the outdoor aquarium, each
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was filled with 2 kg of sediment and the microflora in
these was pre-cultivated for 7 d. At the start of the
experiment, 2 individuals of Stichopus chloronotus
were placed into 2 aquaria, and 2 Holothuria atra into
each of 2 other aquaria, 2 aquaria were left without
holothurians as controls. Three samples for pigment
analyses were taken from the sediment surface from
each aquarium over 6 consecutive days. Water samples for ammonium determination were collected in
duplicate on 4 occasions from each aquarium and the
ambient seawater.
Expt E — additional experiments on algal biomass
changes: To gain further information on the impact of
holothurian feeding activity on changes in biomass of
microalgae, 3 further experiments were conducted
subjecting sediment areas of different sizes (whole
aquaria or divided aquaria) to 1 or 2 individuals of
Stichopus chloronotus or Holothuria atra. Experiments
were run in 6 to 12 aquaria, and sediment surface samples (4 replicates) were taken at the beginning and the
end (6 to 8 d after the start) of the experiments for pigment analyses. Two control aquaria were included in
each experiment to obtain an estimate for changes in
microalgal biomass which occurred when no holothurians were present.
Statistical analyses and mathematical procedures.
All statistical analyses were performed with the Statistica 4.5 (Statsoft 1994) programme package. Differences in microbenthos community production in the 4
treatments of Expt B were tested by 1-factor ANOVA.
Pigment concentrations and production rates in the
sediments of Expt C were averaged over each grazed
and ungrazed side of the aquaria, and the difference
between the end and the start (= increase in pigment
concentrations or production rates) was used as the
dependent variable. The data were subjected to a 4factor ANOVA, with the experimental factors ‘treatment’ (3-levels: Stichopus chloronotus, Holothuria atra,
control), ‘aquarium’ (2 replicate aquaria, nested in
‘treatment’), ‘grazed’ (2 levels: grazed and ungrazed)
and ‘run’ (first and second run). Preliminary analyses
showed that the terms grazing × aquarium nested in
treatment and run × aquarium nested in treatment
were not significant for both pigments or production
data as dependent variables. These terms were consequently pooled into the residual and used as an error
term for all factors with the exception of treatment. The
significance of the latter factor was tested using aquarium nested in treatment as the error term.
Time courses of the changes in chlorophyll a and
phaeophytin concentrations (Expt D) were analysed
with a repeated-measures ANOVA, taking the concentrations at the single days as repeated measurements.
Treatment (3-levels: Stichopus chloronotus, Holothuria
atra, control), grazed (2 levels: grazed and ungrazed)
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were taken as fixed factors, with the factor aquarium
nested in treatment.
Before subjection to ANOVAs, data were checked
for homogeneity of variances with Cochran’s C -test
and, if necessary, transformed as indicated in ‘Results’.
Pigment concentrations (chlorophyll a and phaeophytin and the sum of both) from Grazing Expts C, D
and E were subjected to an overall regression analysis.
Therefore, the average pigment concentrations were
calculated for each aquarium at the start and the end of
each experiment. To obtain comparable units, the initial concentration was subtracted from the final concentration and divided by the duration of the respective experiment. The respective average value of the
controls used in each experiment was subtracted from
the average daily value for each aquarium containing
holothurians to account for changes occurring independent of holothurian activity. This resulted in an
average value of pigment increase or decrease for each
aquarium containing holothurians.
During each of these experiments the faeces produced by holothurians in each aquarium were collected over two 24 h periods and their dry weights
were determined. The average of this value was
divided by the area of the aquarium (0.116 m2 when
holothurians had access to half of the aquarium,
0.232 m2 when the whole area was grazed) to provide
an estimate for the bioturbation per m2 simulated in
each container. The relation between the latter parameter and the daily decrease in pigment concentrations was analysed with a linear regression model.

RESULTS
Expt A — effect of exposure time
Production in enhanced conditions was significantly
higher than in controls from 4.5 h of exposure onwards
(Fig. 1; a posteriori nonparametric sign test for all 10
observations > 3 h: p = 0.002).
Water-column ammonium concentrations of both
the inflowing water and the water in the treatment
aquaria were distinctly enhanced in all 3 experiments
(Table 1). In Expt A3, the concentrations of all macronutrient species were determined. These measurements indicate that only ammonium is measurably
enhanced in the water inside the aquaria. Measurements of the inflowing water of both the control and
the treatment aquaria showed that this water had
higher levels of ammonium and several other nutrient
species than the actual aquarium water (Table 1). This
may indicate that nutrients are rapidly taken up by the
benthic microflora, resulting in reduced nutrient levels
in the actual aquarium water.
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Fig. 1. Expts A1 to 3. Effect of exposure time to nutrients regenerated by holothurians on benthic microalgal community production. Grey bars: treatments receiving effluent water from tanks containing holothurians Stichopus chloronotus and Holothuria
atra. White bars: unfertilised controls; error bars = ±1 SE

Expt B — enhancement with direct addition of
phosphate and ammonium
Nutrient enhancement with solutions of either or
both phosphate and ammonium led to significant differences in community gross production between the 4
treatments (ANOVA, MS = 0.1122, F = 5.38, p = 0.0037,
Fig. 2). Post hoc comparison of means (Tukey’s HSD

Fig. 2. Expt B. Benthic community production in unfertilised
controls (C), with phosphate addition (P), ammonium addition
(N) and addition of both nutrients (N+P). Error bars = ±1 SE;
horizontal lines connect groups which are significantly different (post hoc comparison: Tukey’s HSD test). Significance
levels: *0.1 > p > 0.05, **0.01 < p < 0.05

test) revealed that the phosphate treatment was not
significantly different from the control (p = 0.9578), but
both the N+P (p = 0.0072) treatment and the N (p =
0.0772) treatment resulted in a significant production
enhancement, although this effect was only marginally
significant with the addition of N only. Thus, the
enhancement effect is most distinct with the addition
of both nutrients, although addition of phosphate alone
had no effect. Nutrient analyses in the treatment
waters confirmed that the nutrient concentrations
attained the attempted concentrations (Table 2).

Fig. 3. Expt C. Phaeophytin increase (difference between end
and start concentrations) of grazed and ungrazed sides in 3
different treatments (Stichopus chloronotus, Holothuria atra,
control) (treatment × grazed interaction, Table 3). Error bars =
±1 SE
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Table 1. Expts A1, 2, 3. Water-column nutrient concentrations (µM, ± SD) in treatments and controls of time-course experiments
on production enhancement. NH4: ammonium, NO3: nitrate, NO2: nitrite, PO4: phosphate, DON: dissolved organic nitrogen,
DOP: dissolved organic phosphate, n: number of replicates

A1
(n = 2)
NH4

A2
(n = 5)
NH4

A3
(n = 6)
NH4

NO3

NO2

PO4

DON

DOP

Treatment
Inflowing water

2.34

2.03
(0.27)

2.30
(0.55)

1.05
(0.30)

0.32
(0.07)

0.12
(0.04)

6.62
(1.35)

0.26
(0.10)

Aquarium

1.89

1.40
(0.15)

1.85
(0.23)

0.75
(0.22)

0.27
(0.08)

0.10
(0.03)

5.35
(0.40)

0.27
(0.11)

Control
Inflowing water

0.49

0.54
(0.14)

0.63
(0.23)

1.21
(0.05)

0.37
(0.01)

0.15
(0.03)

4.07
(2.44)

0.20
(0.07)

Aquarium

0.33

0.48
(0.14)

0.48
(0.09)

0.98
(0.23)

0.31
(0.08)

0.11
(0.02)

6.04
(2.85)

0.24
(0.20)

Expt C — production and biomass of grazed and
ungrazed microalgae
No significant differences in chlorophyll a concentrations due to the presence or absence of holothurians
were detected in the experiment with grazed and
ungrazed sediment microalgae (Table 3). The only significant difference detected was between the 2 experimental runs, the average chlorophyll a contents
increased in Run A (+1.36 µg g–1 dry wt 7 d–1, SE =
0.16) whereas chlorophyll a content decreased in Run
B (–1.57 µg g–1 dry wt 7 d–1, SE = 0.46). The phaeophytin concentration showed significant effects both in
the factors treatment and run (Table 3). However, both
factors also had marginally significant interactions
with other factors. Examination of the interaction of
treatment × grazed (Fig. 3) showed that the increase in
phaeophytin concentrations was slightly less in the

ungrazed sides in Stichopus chloronotus and control
aquaria compared to the grazed sides. In contrast, the
phaeophytin concentrations decreased in sediments of
the grazed sides of aquaria containing Holothuria atra.
This decrease thus could be directly related to the

Table 2. Expt B. Nutrient concentrations (µM, ± SD) in waters
of the 4 different treatments during enhancement experiment
with addition of phosphate and ammonium; number of
samples = 8

Treatment
Control
+ PO4
+ NH4
+ NH4 + PO4

PO4

NH4

0.13 (0.02)
0.31 (0.01)
0.12 (0.02)
0.32 (0.03)

0.06 (0.03)
0.05 (0.04)
1.80 (0.16)
1.75 (0.16)

Table 3. Expt C. ANOVA of pigment analyses (chlorophyll a and phaeophytin) and production rates of microalgae in aquaria
experiments on effect of grazing by holothurians. Factors = treatment (3 levels: Stichopus chloronotus, Holothuria atra, control),
grazing (2 levels, grazed vs ungrazed side), run (2 levels) and aquarium (nested in treatment). Dependent variables = difference
in sediment pigment contents (µg–1 dry wt) or production (µg O2 cm–2 min–1) between the start and the end of the experimental
run. Pigment data were log-transformed and production data were not transformed. Error terms = aquarium nested in treatment
for treatment and the residual for all other terms (see ‘Methods’ for pooling procedures)

Source of
variation

df

Treatment (T)
Aquarium (T)
Grazing (G)
Run (R)
T×G
T×R
G×R
T×G×R
Residual

2
3
1
1
2
2
1
2
9

MS

Chlorophyll a
F

0.00067
0.00686
0.00019
0.11121
0.00083
0.00033
0.00124
0.00104
0.00588

0.10
1.17
0.03
18.91
0.14
0.06
0.21
0.18
–

Phaeophytin
F

p

MS

0.9102
0.3752
0.8603
0.0019
0.8707
0.9465
0.6575
0.8410
–

0.03488
0.00042
0.00186
0.02097
0.01142
0.01532
0.00162
0.00281
0.00377

81.32
0.11
0.49
5.56
3.02
4.06
0.43
0.74
–

p

MS

Production
F

p

0.0024
0.9499
0.5009
0.0428
0.0987
0.0553
0.5293
0.5023
–

0.0729
0.00656
0.00835
0.06928
0.00118
0.00314
0.01002
0.01656
0.01201

11.12
0.54
0.70
5.77
0.10
0.26
0.83
1.38
–

0.0410
0.6668
0.4260
0.0397
0.9073
0.7753
0.3848
0.3002
–
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grazing activity of the latter species and did not occur
on the ungrazed sides of the aquaria.
A plot of the interaction between the factors treatment × run (Fig. 4) showed that the phaeophytin concentration in the first run was only slightly reduced
in aquaria containing Holothuria atra, whereas this
decrease was much more distinct in the second run.
Community gross production showed significant
changes caused by the factor treatment (Table 3). A
post hoc comparison of means revealed that production was significantly enhanced in aquaria containing
Holothuria atra (p = 0.046); the enhancement was marginally significant in aquaria with Stichopus chloronotus (p = 0.064, Fig. 5). This enhancement was independent of the factor grazed, which indicates that the
production enhancement is a nutrient effect rather
than a grazing effect, since it occurred in both sides of
the aquaria containing holothurians. Significant differences in microbenthos production were also detected
between the experimental runs (Table 3). Ammonium
concentrations were distinctly enhanced in both exper-

Fig. 4. Expt C. Phaeophytin increase (difference between end
and start concentrations) in 3 different treatments (Stichopus
chloronotus, Holothuria atra, control) in 2 experimental runs
(treatment × run interaction, Table 3). Error bars = ±1 SE

Fig. 5. Expt C. Microalgal community production increase
(difference between end and start production) in 3 different
treatments (Stichopus chloronotus, Holothuria atra, control)
(factor treatment, Table 3). Error bars = ±1 SE

Table 4. Expt C. Ammonium concentrations (µM, ± SD) in
3 treatments in the 2 runs. Number of samples = 4

NH4

Control
Stichopus chloronotus
Holothuria atra

Run 1

Run 2

0.25 (0.07)
1.15 (0.49)
0.78 (0.30)

0.12 (0.13)
1.28 (0.41)
0.74 (0.14)

imental runs in aquaria containing holothurians compared to control aquaria, with highest values occurring
in aquaria containing S. chloronotus (Table 4).

Expt D — time-course of microalgal biomass changes
under grazed and ungrazed conditions
Repeated-measures ANOVA indicated significant
effects of the different treatments for chlorophyll a but
not for phaeophytin (Table 5). In the case of chlorophyll a, overall values were slightly higher on the
grazed side (3.58 µg g–1 dry wt, SE = 0.11) than on the
ungrazed side (3.17 µg g–1 dry wt, SE = 0.11). However,
the treatment × grazed interaction was not significant
in this experiment, which indicated, that the bioturbation activity, even in the Holothuria atra treatment, was
not high enough to reduce pigment levels; holothurian
densities in this experiment were only half of that for
Expt C. A distinct increase in chlorophyll a concentrations only in the Stichopus chloronotus treatment caused the significant interaction between time and treatment (Fig. 6). Although this interaction term was not
significant for the phaeophytin concentrations, the val-

Fig. 6. Expt D. Concentrations of chlorophyll a (dashed line)
and phaeophytin (continuous line) in sediments of the timecourse experiment on microalgal biomass changes in 3 different treatment conditions (Stichopus chloronotus, Holothuria
atra, control). Error bars = ±1 SE
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Table 5. Expt D. Repeated-measures ANOVA of time-course experiments on changes (difference between end and start concentrations) in pigment concentrations (µg g–1 dry wt) in 3 treatments (factor treatment, levels = Stichopus chloronotus, Holothuria
atra, control) and on grazed and ungrazed sides of aquaria (factor = grazed). Single replicate aquaria represent a nested factor
(aquaria, nested in treatment). Measurements were repeated on 6 subsequent days. Data are log-transformed
Source of
variation

df

Error
term

MS

Chlorophyll a
F

p

MS

Phaeophytin
F

p

Between subjects
Treatment (Tr)
Aquarium (Tr)
Grazed (G)
Tr × G
A (Tr) × G
Residual

2
3
1
2
3
24

A (Tr)
Residual
A (Tr) × G
A (Tr) × G
Residual

0.2023
0.0212
0.0897
0.0048
0.0212
0.0080

9.53
2.52
5.47
0.23
2.52
–

0.0502
0.0812
0.0998
0.8074
0.0812
–

0.3938
0.0748
0.0440
0.0108
0.1268
0.0179

5.26
4.19
0.35
0.09
7.10
–

0.1029
0.0161
0.5957
0.9163
0.0010
–

Within subjects
Time (Ti)
Ti × Tr
Ti × A (Tr)
Ti × G
Ti × Tr × G
Ti × G × A (Tr)
Residual

5
10
15
5
10
15
120

Ti × A (Tr)
Ti × A (Tr)
Residual
Ti × G × A (Tr)
Ti × G × A (Tr)
Residual

0.0691
0.0102
0.0027
0.0083
0.0066
0.0097
0.0066

25.95
3.89
0.40
0.88
0.68
1.46
–

< 0.0001
0.0091
0.9761
0.5208
0.7292
0.1381
–

0.1560
0.0408
0.0258
0.0158
0.0167
0.0141
0.0130

6.04
1.58
1.98
1.12
1.18
1.08
–

0.0030
0.2050
0.0217
0.3914
0.3740
0.3792
–

ues in the S. chloronotus treatment were distinctly
above those in the H. atra aquaria and the controls, at
least during the last 3 d of the experiment (Fig. 6).
Water-column ammonium analyses (Table 6) showed
that the levels were distinctly enhanced in Stichopus
chloronotus aquaria, and only slightly above the control level in aquaria containing Holothuria atra. All
ammonium values were lower in the aquaria containing ungrazed microalgae, indicating that a fraction of
the nutrients was already taken up by the microalgae
in the aquaria containing holothurians. This may
explain why the chlorophyll a levels were lower in the
ungrazed treatments (see above).

Table 6. Expt D. Ammonium concentrations (µM, ± SD) in
grazed and ungrazed aquaria of time-course experiment on the
development of microalgal biomass. Number of samples = 8

NH4

Control
Stichopus chloronotus
Holothuria atra
Inflowing water

Grazed

Ungrazed

0.34 (0.22)
1.54 (0.37)
0.62 (0.40)
0.46 (0.20)

0.22 (0.18)
0.89 (0.26)
0.45 (0.55)

Expt E — additional experiments on algal
biomass changes
To gain further information about the interaction
between grazing intensity and pigment increase or
decrease, the pigment data from single aquaria of
Expts C to E were subjected to a regression analyses
with the inferred bioturbation rate per aquarium as
independent variable. When analysed alone, both
chlorophyll a (R2 = 0.11, F1, 36 = 4.30, p = 0.0453) and
phaeophytin (R2 = 0.15, F1, 36 = 6.56, p = 0.0148) showed
only very weak relationships with the bioturbation
rate, both with a negative slope. When data from both
pigments are pooled, a significant part of the variation
(R2 = 0.36, F1, 36 = 20.40, p = 0.001) in pigment concentrations may be explained by the extent of the bioturbation activity (Fig. 7). Although a large part of the
variation remains unexplained, it is obvious that low

Fig. 7. Summary of Expts C to E. Data represent daily changes
in pigment (chlorophyll a and phaeophytin) concentrations
relative to sediments in control aquaria in relation to sediment
consumption (bioturbation) of holothurians in single aquaria.
Approximate natural range of bioturbation rates is indicated
and was calculated from density estimates (Uthicke unpubl.
data) and known rates of sediment consumption for Holothuria atra and Stichopus chloronotus (Uthicke 1994)
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grazing intensities are beneficial for the algal community, whereas high bioturbation rates decrease total
pigment content in the sediment. From the holothurian
densities I obtained on the GBR (Uthicke 1994) and
data on sediment consumption of Stichopus chloronotus and Holothuria atra (Uthicke 1999), I calculated the
likely range of bioturbation intensity occurring in the
field (Fig. 7). Notably, the bioturbation rates occurring
in situ were all in a range low enough to be nondestructive and were thus likely to be beneficial for the
algal community.

DISCUSSION
Positive feedback effects: microalgal community
production enhancement by holothurian excretion
products
An efficient recycling through a close coupling of
producers and consumers of inorganic nutrients generally is assumed to be important in maintaining high
productivity on coral reefs and other ecosystems in
oligotrophic environments. Microalgae on sediments
are important primary producers on coral reefs, but
their role in the flow of energy and materials in this
ecosystem is poorly understood. Benthic microalgae
are consumed by sediment-feeders, and I aimed to
investigate whether nutrients also are efficiently recycled between these 2 trophic groups.
Previous studies reported that waste products from
the holothurians metabolism lead to a 34% enhancement in gross and net production of the microalgal
community in aquaria (Uthicke & Klumpp 1997) and in
situ (Uthicke & Klumpp 1998). In the experiments
described here, the use of effluent water from
holothurian tanks distinctly elevated the ammonium
concentrations compared to the control aquaria. No
increase in phosphate or dissolved organic phosphate
concentrations was measured, although a release of
small amounts of phosphate by holothurians was previously reported (Pomeroy & Kuenzler 1969, Webb et al.
1977). It is likely that the low amount of phosphate was
chemically adsorbed to calcium carbonate (Entsch et
al. 1983) and/or taken up by the microalgal community, and was thus not detectable.
In the time-series experiments (Expts A1 to A3), an
enhanced community production was measured for
exposure times longer than 3 h (Fig. 1). Thus, the production of benthic microalgae rapidly increased in
response to higher nutrient availability.
The direct enhancement of benthic microalgal communities with phosphate and ammonium (Expt B) suggested that the stimulation effect observed in the
experiments using the excretion products of holothuri-

ans was mainly caused by the excretion of inorganic N,
and not by some unknown compound (e.g. micronutrients) released by the holothurians. The highest
production values were observed with simultaneous
addition of phosphate and ammonium (Fig. 2). It is
therefore likely, that both phosphate and ammonium
(as excretion products) interact in the enhancement of
microalgal production. Not all nutrients excreted by
holothurians may reach the sediment algal community.
However, several mechanisms such as nutrient release
with the respiratory water in the vicinity of the sediments and via the bodywall that is partly in direct
physical contact with the sediments (approximately
25%: Uthicke unpubl. data) may result in a fraction of
the nutrients recycled by holothurians being available
for the production of new microalgal biomass. Furthermore it is likely that nutrients excreted by sedimentfeeders are retained close to the sediment in a benthic
boundary layer.
There are no published data on the nutrient supply
of microphytobenthos on coral reefs, but some temperate benthic microalgae have been suggested to be
nutrient-limited (Mills & Wilkinson 1986). The low
photosynthetic efficiencies measured in situ also suggested a nutrient limitation of the microalgal community at Great Palm Island (Uthicke & Klumpp 1998).
The addition of N and P in combination to a microatoll
on a coral reef in the GBR enhanced the overall productivity of that microatoll (Kinsey & Domm 1974). An
addition of N only to microatolls may increase the biomass or growth of turf algae (Hatcher & Larkum 1983).
The limiting nutrients for macrophyte production on
coral reefs may be either N, P or both nutrients combined (Lapointe et al. 1987, Littler et al. 1991).
Similar to my observations on microalgae, the growth
of the brown alga Sargassum baccularia at nearshore
reefs of the GBR is limited by both N and P (Schaffelke
& Klumpp 1998). However, I expected nutrient limitation of benthic microalgae to be less pronounced than
that of macroalgae, since microalgae may have access
to nutrients in the interstitial water which are generally
much higher concentrated. The uptake of nutrients diffused from the interstitial water was previously suggested for temperate (Sundbäck & Granéli 1988) and
tropical (Johnstone et al. 1989) microalgal communities.
Hence, the distinct reaction of the microalgal communities to slightly enhanced nutrients is not fully understood and requires further investigation.
Nutrient fluxes between marine fauna and photoautotrophic organisms rarely have been studied on
coral reefs. Ammonium excretion of the echinoid
Diadema antillarum may potentially provide 19% of
the N demand of algal turfs (Williams & Carpenter
1988). The growth of corals and their tissue-nutrient
contents is enhanced by ammonium excretion of
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migrating fishes that use these corals as a shelter
(Meyer et al. 1983, Meyer & Schultz 1985). It is known
that inorganic nutrients are recycled efficiently between zooxanthellate corals and their endosymbionts,
and most nutrients excreted by the corals are taken up
by the zooxanthellae (e.g. Pomeroy & Kuenzler 1969,
Szmant et al. 1990).
Lindström-Swanberg (1991) subjected temperate
sediment-microalgae to effluent water from tanks containing bivalves (Cerastoderma edule), and measured
enhanced production in these treatments compared to
controls. Similar to my study, he concluded that this
enhancement was mainly due to ammonium released
by the bivalves. Studies on planktonic microalgae
revealed that these have extremely fast uptake rates of
ammonium (Goldman & Glibert 1982). It has been suggested that planktonic microalgae can use microscale
(scale of mm) patches of nutrients recycled by zooplankton (Goldman & Glibert 1982, Lehman & Scavia
1982). No nutrient uptake rates are available for benthic diatoms. If uptake rates were as rapid as those of
the phytoplankton, the nutrients excreted by sediment-feeders may be used in a fashion similar to that
suggested for the plankton micropatches. I calculated
that the water released during the respiratory expulsions of 1 sea cucumber may enhance ammonium concentrations for a short period of time over an area of
nearly 0.2 m2 h–1 (Uthicke unpubl. data). However, the
slow movement rates of holothurians suggest that the
sediment area covered by the water from the waterlungs will be somewhat smaller, but this smaller area
will receive multiple excretion pulses. In conjunction
with the feeding activity of Stichopus chloronotus,
which may be highly selective for sediment patches
rich in microalgal biomass (Uthicke 1999, Uthicke &
Karez 1999), the sporadic fertilisation of algae in small
areas may contribute to the patchiness of microalgal
biomass and production in coral reef sediments.

Combined positive and negative feedback effects:
production enhancement by excretion versus
biomass loss through consumption
The second hypothesis I tested in this study was that
the presence of sediment-feeders is beneficial to
benthic microalgae, although these are partially consumed. The enhancement experiments discussed
above concentrated only on the positive effects of
holothurians on microalgae through increased availability of nutrients. I performed additional experiments
to investigate the losses of microalgal biomass due to
grazing and to assess whether the net effect of holothurian activity for the microalgal biomass and production is positive or negative.
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In Expt C, feeding intensity did not affect chlorophyll
a concentrations in aquaria grazed by Holothuria atra
or Stichopus chloronotus. In contrast, production of the
microalgae was distinctly enhanced in aquaria containing holothurians, with no distinction between
microalgae protected from grazing or those exposed to
grazing (Fig. 5). Thus, the production of the microalgal
community was enhanced, irrespective of physical
contact with the holothurians (Expt C: grazed treatment, holothurians present; Expts A1, 2, 3 and Expt C:
ungrazed treatment, holothurians absent).
Expt D used lower holothurian densities than Expt C,
and no reduction of the pigments was measured. In
fact, in all aquaria which either contained individuals
of Stichopus chloronotus or received the ammoniumrich effluent water from these tanks, chlorophyll a and
phaeophytin concentrations increased compared to
control aquaria and those containing Holothuria atra
(Fig. 6). An increase in pigment concentrations was not
measurable in Expt C; this underlines the fact that the
outcome of the experiments was strongly dependent
on the actual bioturbation intensity and probably other
factors such as nutrient status of the algae prior to the
experiment.
An estimate of the bioturbation intensity was obtained by collecting and weighing holothurian faeces
from each single aquarium of the Expts C, D and E. The
correlation between bioturbation intensity and the total
pigment decrease (Fig. 7) provides evidence that pigment changes depend on bioturbation intensity. These
data strongly support the hypothesis that holothurians
in the densities observed in situ will not have a negative
effect on the microbenthos and that the positive effects
due to stimulation by excreted nutrients are likely to
balance or exceed the losses due to grazing.
Two previous studies reported that grazing by
holothurians may decrease benthic community production (Moriarty et al. 1985) and biomass (Uthicke
1999). Both studies used much higher densities than
those found naturally, and thus the findings do not contradict the results of the present study. The consequences of consumption for the single algae are surely
detrimental, because of the high assimilation efficiencies reported for diatoms in holothurians (Yingst 1976).
However, the biomass loss due to holothurian grazing
is outweighed by the enhanced availability of P and N
that is re-mineralised by the holothurians.
In contrast to the sparse data on sediment communities, the direct effects of grazing fishes (e.g. Hatcher
1983, Hatcher & Larkum 1983, Hay 1984, Hughes
1994), echinoids (e.g. Sammarco 1980, Carpenter 1983),
and small grazers such as amphipods and isopods
(Brawley & Adey 1981) on macroalgae have been well
studied on coral reefs. The combined grazing activity
of echinoids, amphipods, isopods and fishes may re-
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move up to 84% of the daily production of turf-algae
biomass on coral reefs (Carpenter 1983, Klumpp &
Polunin 1990). The removal of turf-algae biomass may
be beneficial for coral growth in these areas, and
although coral recruitment may be higher in ungrazed
areas (Sammarco 1980), the survival rate of coral
recruits is higher in areas grazed by echinoids (Sammarco 1980, Fitz et al. 1983).
In summary, the production enhancement measured
in the microbenthic community in several experiments
in the present study appeared to be solely a nutrient
effect and not caused by other factors such as a reduction of self-shading, removal of senescent cells, or the
compensatory growth that was hypothesised for turf
algae (Carpenter 1986) and for terrestrial grasses
(McNaughton 1979, 1983). For the microphytobenthos
community studied, which was predominantly composed of unicellular organisms such as pennate
diatoms, concepts such as self-shading or compensatory growth are meaningless because entire organisms are consumed. However, algae not consumed
may benefit from enhanced light conditions if the
algae are situated on the sediment in multiple layers.
In freshwater plankton, the growth rates of a variety of
unicellular algae were enhanced when in contact with
excretion products of grazing zooplankton (Porter
1976, Sterner 1986). Related to the whole phytoplankton community, the indirect effect of production enhancement approximately compensated for the direct
effect of the loss of cells by grazing (Sterner 1986), and
this situation may be similar in marine benthic microalgal communities.
High numbers of heterotrophic flagellates, ciliates
and meiofauna in coral reef sediments (Alongi 1986,
Hansen et al. 1987) and the large difference between
gross and net-production of the sediment community
at the study area (Uthicke & Klumpp 1998) suggest that
a substantial fraction of the organic carbon produced
by the microalgae is directly recycled by heterotrophic
infauna. This indicates that nutrients are indeed tightly
recycled within the benthic system. Meiofauna excretion rates in coral reef sediments may be as high as
17.3 mg N m–2 h–1 (Gray 1985). The interactions
between sediment-feeders, benthic infauna and benthic microalgae are a further example of the closecoupling between producers and consumers in nutrient-poor environments. It is likely that the bulk of the
nutrients required by the benthic microalgae is recycled within a benthic remineralisation system with
some similarity to the planktonic microbial loop (Azam
et al. 1983).
One assumption of the planktonic microbial loop is
that consumers generally prey upon food approximately 1 order of magnitude smaller than themselves
(Azam et al. 1983, Lenz 1992). In contrast, holothurians

and other sediment-feeders feed on material and organisms spanning 3 orders of magnitude (approximately from bacteria <1 µm up to diatoms >1 mm), and
thus their function in such a food web is very difficult to
grasp. Generally, grazing on a microbial food source in
the benthos may increase productivity by preventing
bacteria from reaching self-limiting densities (Johannes
1965, Gerlach 1978, Montagna 1984). A similar mechanism was suggested for gastropod grazing on bacteria
in temperate (Bianchi & Levington 1981, 1984) and
coral reef sediments (Hansen & Skilleter 1994), and the
feeding activity of detritivores may stimulate bacterial
decomposition of detritus (Fenchel 1971, Kristensen
et al. 1992). Holothurians and meiofauna may compete
for bacteria as food (Renaud-Mornant & Helléouet
1977, Moriarty 1982). A variety of further interactions
such as competition between ciliates and sedimentfeeders for diatoms as a food source, or between sediment-feeders and bacteria (although the latter are also
a food source of the former) for non-living organic
matter may exist. Thus, sediment-feeding macro- and
megafauna may interact directly with nearly every
level of the suggested benthic remineralisation loop
and, in addition to direct recycling of nutrients, may
also increase the overall performance of this loop.
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