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ABSTRACT: Heterotrophy is examined in the hydrocoral Millepora complanata Lamarck and com-
pared with scleractinian corals. Natural zooplankton catch rates and digestion rates were determined
from counts of prey items captured by the gastrozooids on surfaces of millepore colonies collected in
the field. The mean catch rate or feeding rate (+ SD) was 7.1 + 4.10 prey items cm~? surface d~' and
complete digestion of prey required about 24 h. Copepods comprised the bulk (63 %) of the diet. Based
on the argument that measured catch rates of corals are highly variable because of plankton patchi-
ness, and the assumption that millepore colonies with expanded zooids feed both day and night, a po-
tential feeding or catch rate was derived from the mean number of gastrozooids on the colonies times
the digestion rate. Daily food consumption estimated from the potential catch rates exceeded estimates
of daily energy needed for respiration by a factor of 6.7. It was concluded that heterotrophic feeding in
M. complanata can potentially supply more than the daily energy requirements of the hydrocoral and

may exceed feeding rates of scleractinian corals.

INTRODUCTION

Much of the recent research on nutritional strategies
of scleractinian corals has been directed towards auto-
trophy (see review by Muscatine 1990). Less informa-
tion is available on heterotrophic modes of feeding in
spite of the early conclusions of Yonge (1930) that
corals are highly specialized carnivores and subse-
quent arguments that corals have a polytrophic feed-
Ing strategy (Muscatine 1973, Porter 1976, Muscatine
& Porter 1977, Sorokin 1990). Estimates of the potential
autotrophic carbon uptake of shallow water corals vary
between 78 and 161 % of the amount needed for respi-
ration (Muscatine 1990) but often fall short of esti-
mated total energy requirements except in very shal-
low water (Davies 1977, 1980, McCloskey & Muscatine
1984). In at least one species, the common Caribbean
coral Montastrea annularis, substantial amounts of ex-
ogenous food are required to meet total demands
(Porter 1985, Szmant 1991). On the other hand,
Edmunds & Davies (1986} found no evidence for heter-
otrophic feeding in the common Atlantic coral Porites
porites and concluded that this species was largely
autotrophic. Thus, although the ability of reef corals to
capture food from the surrounding water is recog-
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nized, the relative importance of autotrophy and heter-
otrophy remains unresolved and varies with species
and habitat (Porter 1976, Muscatine 1990, Jackson
1991, Sebens & Johnson 1991).

Although little is known about heterotrophy in
hydrocorals, they are reported to be voracious plank-
ton feeders (Abe 1938, de Kruijf 1975). Feeding behav-
ior and responses to chemical and tactile stimuli are
similar to those of other hydrozoans (de Kruijf 1975).
The purpose of the present study is to examine and
quantify heterotrophy in the hydrocoral Millepora
complanata Lamarck and to compare it with feeding in
scleractinian corals. Feeding rates are determined
from catches of natural zooplankton prey counted on
colonies freshly collected in the field. The variability of
catch rates is discussed in relation to zooplankton
patchiness, a potential feeding or catch rate is pro-
posed and a heterotrophic energy budget is estimated.

MATERIALS AND METHODS

Field observations, experiments and specimen col-
lections were carried out on fringing coral reefs in the
northern sector of the west coast of Barbados which is
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Table 1. Millepora complanata. Diel variation in catch {mean no. of zooplankton prey items cm™2 colony surface (+ SD}]

Time (h) 06:00-08:00 08:00-10:00
Catch 7.44 (4.12) 5.92 (3.88)
Area® 236 222
No. of colonies sampled 17 15

® Surtace area examined (cm?)

10:00--12:00 12:00-14:00 14:00-16.00 16:00-18:00
6.06 (5.24) 8.22 (4.22) 8.44 (4.64) 6.50 (4.58)
262 262 232 231
15 18 19 15

least affected by eutrophication (Tomascik & Sander
1985). Actively feeding colonies of Millepora complan-
ata were located in the field by the presence of densely
packed, expanded zooids which gave the surfaces of
the colonies the appearance of white felt. Close inspec-
tion of the surface of these colonies underwater and in
the laboratory showed that zooplankters were at-
tached to the hydrocoral zooids. Expanded colonies
were observed routinely at night as well as during day-
time.

In order to determine if there were any differences in
feeding activity during the day, the number of feeding
colony branches (upright blades or plates) of Millepora
complanata with clearly visible, well expanded zooids
covering a minimum of 10 to 15 % of colony surfaces
were counted along 10 X 1 m transects. Basal, encrust-
ing portions of colonies were not included because of
surface irreqularity, fission, and mortality, which
caused difficulty in establishing colony surface area
limits. However, encrusting portions of colonies bear
zooids (de Weerdt 1984) which were expanded.
Transects were established perpendicular to the shore
at 2 to 4 m depth, near the mid-reef crest where the
hydrocoral is most abundant (Lewis 1991). Ten tran-
sects were marked out and the number of expanded
and contracted colony branches recorded at different
times during the morning and afternoon under a va-
riety of prevailing sea and weather conditions during a
period of about 1 mo.

The abundance and identity of captured prey were
determined from branches freshly collected from the
transect sites at 2 h intervals between 06:00 and 18:00h
(see Table 1) over an 8 wk period. Separate, upright
branches from non-contiguous colonies with well ex-
panded zooids were broken off near their bases and
removed in individual plastic bags within 30 min to the
laboratory where they were preserved immediately in
5 % buffered formalin. Attached prey organisms and
visible ingested prey were counted along 3 vertical
strips, 1 cm wide, on the surfaces of both sides of the
sampled blades. The number of prey items captured
(the catch) was expressed in units of coral skeleton sur-
face area. Gastrozooid (feeding polyps) contents were
not egested upon preservation. De Kruijf (1975) re-
ported that the capture of more than one prey item at a
time by a single gastrozooid was unlikely because

zooids fold inwards and retract following contact.
Although dactylozooids have the potential for captur-
ing prey, de Kruijf (1975) observed no directed or coor-
dinated movement towards gastrozooids and con-
cluded that dactylozooids have a purely defensive
function.

In order to ascertain the rate of prey digestion, 25
upright branches from separate colonies with well ex-
panded zooids were selected. Five of these branches
were collected at 06:00 h and preserved in formalin.
The remaining 20 blades were covered by plastic bags
held tightly at the branch bases by elastic bands to ex-
clude plankton and remained in situ for periods of 6, 12
and 24 h respectively. Tests with soluble dye injected
at the bases of several bags showed that the enclosed
water cleared within 30 min, indicating continuous,
slow water circulation within the bags. A set of the
bagged colonies was collected from the reef at the end
of each closure period and preserved in formalin be-
fore counting the captured prey. Examination of each
colony branch was completed within 24 h so as ensure
observation of fresh material. Digestion time is defined
as the period between capture of a prey item and the
time the prey could no longer be recognized in the gas-
trozooids (Purcell 1989). All colonies were examined
with a Wild M-5 stereomicroscope at 60 to 200 X mag-
nification.

RESULTS

Of the total of 1400 colony blades examined among
all transects, 65 % were well-expanded for feeding.
There were no significant differences in the percent of
expanded and contracted colonies either diurnally or
among days. The difference between morning and
afternoon pooled means of percentages of expanded
colonies (arc-sine transformed for normality) was not
significant at the 0.01 level (t = 1.69, df = 29). Similarly,
a 1-way ANOVA showed no significant differences in
percentages of expanded colonies among days (F;,; =
3.34, p >0.01).

The mean catch (+ SD) for daytime samples collected
between 06:00 and 18:00 h was 7.10 + 4.10 prey cm™?
colony surface with a range between 0 and 25 prey
cm~?(Table 1). A 2-way ANOVA testing for differences



Lewis: Heterotrophy in corals 253

Table 2. Millepora complanata. Rate of prey digestion

Sampling interval (time colony covered) 0h
Mean prey cm™? (= SD) 1.98 (0.88)
% Initial prey 100
% Prey digested 0
Total prey 788
No. of colonies sampled 5

6 h 12 h 24 h
1.34 (0.84) 0.70 (0.46) 0.18 (0.11)
68 36 9
32 64 91
429 156 36
8 6 6

in means of catches of prey items among sampling
times and among days showed no significant differ-
ences in catches among 2 h intervals (Fs;5=0.92,
p>0.01), thus supporting the conclusion that there
were no diel differences in feeding activity. Catches
among days were significantly different (F4,6=6.68,
p<0.01).

Means of catches counted on colony branches en-
closed in plastic bags for 6 to 24 h are shown in Table 2.
No freshly caught prey were observed on expanded
zoolds of bagged colonies. Means of catches were
significantly different among treatment intervals
(ANOVA; F;356 = 30.72, p<0.01). Tukey’'s studentized
range tests showed that 12 and 24 h interval means
were significantly lower than the initial catch at the
0.01 level and that the 24 h interval mean was signifi-
cantly lower than the 12 h mean (p<0.01). The number
of prey digested during each 6 h interval is also
expressed as a percent of the initial catch counted at
the beginning of the experimental treatment (Table 2).
Digestion was 32 % completed at the end of 6h, 64 %
completed in 12h and 91 % completed at the end
of 24 h.

The composition of the prey captured by Millepora
complanata is shown in Table 3. Copepods comprised
63 % of the total catch and 36 % consisted of unidenti-
fied partially digested items.

DISCUSSION

The majority of reef corals feed principally at night;
feeding on zooplankton is continuous as long as the

Table 3. Millepora complanata. Percent composition of zoo-
plankton prey items (N = 9989)

Taxa Percent of total
Pelecypod veligers <1
Amphipods <1
Gastropod veligers 1
Unidentified copepods 39
Macrosetella and Microsetella spp. 9
Oithona spp. 7
Copepod egg clusters 7
Unidentified partially digested items 36

polyps are expanded (Yonge 1930, Goreau 1956, Coles
1969, Muscatine 1973, Porter 1974). In Millepora com-
planata, the expansion of colonies both day and night,
the presence of fresh and partially digested prey in the
gastrozooids in the early morning (06:00 h} and the
lack of any diel differences in prey capture rates
(Table 1) confirm that this hydrocoral can feed both
during the day and at night.

If feeding occurs throughout the full diurnal cycle
and is continuous as long as the zooids are expanded
(de Kruijf 1975), and because digestion requires about
24 h to complete (Table 2), then a daily feeding or
catch rate can be calculated simply from the number of
captured prey per unit surface area of a colony.
Digestion times appear to be too long to allow zooid
multiple prey capture and thus each visible zooid catch
is the ration captured during a 24 h period. A mean
catch rate can thus be calculated as 7.1 + 4.1 prey cm 2
colony branch surface d~".

Because catches were highly variable among days,
the question arises as to whether the measured mean
catch rate of Millepora complanata is representative of
catches over long periods. Mackenzie et al. (1990)
pointed out the many difficulties in estimating field
consumption rates by planktivores and emphasized
the importance of prey density and encounter rates.
We would thus expect capture rates by M. complanata
to be partly dependent upon zooplankton prey den-
sities in the water, and the differences in daily catches
will be affected by variation in plankton prey abun-
dances. Purcell (1981) reported that in siphonophores,
the number of prey ingested by the gastrozooids was
correlated with the abundance of prey in the surround-
ing water. Because there is a high temporal variability
in zooplankton numbers and biomass on reefs
(Alldredge & King 1977, Hobson & Chess 1986, Lewis
& Boers 1991}, capture estimates obtained from a small
number of tests will likely be biased by the low sam-
pling frequency (Haury et al. 1978). Variability of feed-
ing rates will be partly a consequence of plankton
patchiness. Previous estimates of feeding rates in co-
rals based on gut examinations (Porter 1974) and feed-
ing responses {(Johannes & Tepley 1974) were deter-
mined over short time intervals on a few occasions and
may not have been representative of long term catch
rates. Unless more replicate observations can be ob-
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tained to reduce sampling error, an alternative method
of estimating capture rates must be sought.

If feeding occurs as long as zooids are expanded (de
Kruijf 1975) then a potential feeding or potential catch
rate may be estimated from the mean number of
gastrozooids per unit surface area of the millepore co-
rallum times the rate of digestion of the prey. Sebens
(1987) argued that for prey such as copepods, capture
rates are proportional to contact rates and to the sur-
face area used in feeding. The mean density of gastro-
pores counted on 10 colony blades of Millepora com-
planata was 48 + 12.6 cm™? (N = 500). A range of
densities of between 10 and 70 cm~? was reported by
de Weerdt (1984). Because digestion of prey requires
about 24 h (Table 2), the mean potential catch rate
would be 48 + 12.6 prey items cm™~? surface area d™'. It
should be noted however, that rates of prey capture
may be affected by water movement and other factors
(Sebens & Johnson 1991).

Millepora complanata is an opportunistic feeder in-
sofar as the diet consisted largely of copepods (Table
3), the most abundant zooplankton group in neritic wa-
ters at Barbados (Sander & Moore 1978, Lewis & Boers
1991). Copepod numbers are highly variable however,
and high copepod densities only occur at low frequen-
cies (Lewis & Boers 1991). Nevertheless, the high per-
centage of swarming species of Oithona in the diet
suggests that M. complanata could take advantage of
copepod aggregations known to occur over reefs
(Hamner & Carleton 1979). Bamstedt {1990) reported
that the scyphozoan Aurelia aurita had to depend on
the exploitation of zooplankton aggregations because
average prey densities were so low.

While the rates of digestion by millepores have not
been reported previously, de Kruijf (1975) proposed
that digestion would take more than several hours.
Rates of digestion of prey (from 32 % in 6 h to 91 % in
24 h) by Millepora complanata appear to be substan-
tially slower than those reported for octocorals which
digested zooplankton in 4 to 6 h (Sebens & Koehl 1984)
and scleractinian corals which varied between 3 and
13 h (Yonge & Nicholls 1931 Porter 1978). The slow di-
gestion by M. complanata may be partly due to the
small size of the zooids (0.2 to 0.3 mm oral disk diame-
ter) which would be expected to contain relatively less
digestive tissue than do the larger polyps of scleractin-

ian corals. The large prey size (1 to 2 mm for Oithona
spp.) relative to the small zooids would also be ex-
pected to slow ingestion and digestion.

The daily food consumption or energy intake of
Millepora complanata can be estimated from the mean
daily catch rate and adult copepod dry weights.
Conventions and data scources used to estimate con-
sumption and respiration are shown in Table 4. The
mean daily energy consumption of M. complanata is
(7.10 prey cm~? d~!') X mean adult copepod dry wt
{20.60 pg) = 0.15 mg dry wt or 3.40 J cm~? d~!. This
rate is higher than values of 0.59 J cm~2 d~! for the
scleractinian Porites lobata (Johannes & Tepley 1974)
and 1.84 J cm~? d-! for Monastrea cavernosa (Porter
1974). Similarly, a potential consumption rate for M.
complanata may be determined from the potential
catch rate (48 prey cm™? d!) X mean adult copepod
dry wt (20.60 pg) = 1 mg dry wt or 23.40 J cm=2d"".
Thus, on the basis of a potential feeding rate, the het-
erotrophic energy intake of the hydrocoral M. com-
planata may greatly exceed that of scleractinian corals.

If energy consumption and respiration rates of mille-
pores are known, it is possible to estimate whether
daily food intake is adequate to fulfill daily metabolic
energy requirements. Note however, that a number of
following assumptions are based on metabolic data
from scleractinian corals and should be viewed with
caution when applied to millepores. Respiration rates
have been determined for a number of species of mille-
pores and all are comparable to the measured rates of
scleractinian corals (McCloskey et al. 1978). Only the
data for Millepora alcicornis (Beyers 1966) can be nor-
malized to colony surface area values and yield a mean
rate of 0.31 mg oxygen cm~? d~! for whole colony res-
piration. If it is assumed that 70 % of whole colony res-
piration is animal respiration (based on scleractinian
corals; Lewis 1981) and that the rate of respiration of
M. complanata is about the same as that of M. alcicor-
nis, then the mean rate for M. complanata animal
tissue is 0.22 mg oxygen (3.49 J) cm~2 d~!. The ratio of
measured energy consumption (3.40 J) to respiration
(3.49 J) is 0.97 and that of potential consumption
(23.40 J) to respiration (3.49 J) is 6.70. Heterotrophic
feeding in M. complanata could thus potentially supply
more than 6 times the amount of energy required for
respiration.

Table 4. Conventions and data sources used to estimate potential feeding rates and respiration of Millepora complanata

Convention

Source

Mean (= SD) dry wt of adult demersal copepods collected at Barbados = 20.60 = 2.5 ug

1 mg dry wt mixed tropical copepods = 23.40 J
1 ml oxygen = 19.63 J

Lewis & Boers (1991)
Chisholm & Roff (1990)
Edmunds & Davies (1986}
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