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Abstract. The average biomass of Halimeda per m? of sol-
id substratum increased progressively on a series of reefs
situated at increasing distances from the shore in the cen-
tral Great Barrier Reef. There was none on a reef close in-

shore, increasing to nearly 500 g m™2 total biomass ’

(~90% calcium carbonate) on an oceanic atoll system in
the Coral Sea. The biomass measured contained 13 species
of Halimeda but was dominated by only two species, H.
copiosa and H. opuntia, except on the atoll where H. mini-
ma was dominant. Three sand-dwelling species were also
present but did not occur anywhere in substantial quan-
tities. Growth rates of the dominant species were measured
by tagging individual branch tips. A mean value of
0.16 segments d ' was recorded but 41% of the branch
tips did not grow any new segments whilst only 1% grew
more than one per day. The number of branch tips per unit
biomass was very constant and has been used in conjunc-
tion with growth rates and biomass to calculate productiv-
ity rates, and thence sedimentation, in the lagoon of one
of the reefs. Biomass doubling time of 15 d and produc-
tion of 6.9 g dry wt m~* d ! are considerably higher than
previously reported values for Halimeda vegetation and
there was little seasonal change detected over a whole
year. Those values indicate annual accretion of 184.9 g
m~2 year~ ' of Halimeda segment debris over the entire
lagoon floor (5.9 km?) of Davies Reef, equivalent to
0.13 mm year™! due to Halimeda alone, or 1 m every
1,892 years when other contributions to that sediment are
taken into account.

Introduction

Halimeda 1s a genus of calcified coenocytic green algae, al-
most exclusively tropical in distribution and currently
placed in the Caulerpales (Chlorophyta) according to Hil-
lis-Colinvaux (1980). Thirty species are distinguished ac-
cording to the shape, size and internal structure of their

* Contribution No. 180 from the Australian Institute of Marine Science

segments which are joined together by small uncalcified
nodes into variously branching chains to produce more or
less bushy plants. In this study the segmented structure
has been used as a basis for growth analysis.

Halimeda vegetation is often particularly well devel-
oped on coral reefs where different species may form ei-
ther sand-dwelling communities anchored by substantial
rhizoidal holdfasts, or lithophytic communities on dead
coral, crustose coralline red algae, etc. They may be found
between 0 and at least 70 m depth and appear to be highly
productive (Hillis-Colinvaux 1974). They also contribute
considerable amounts of aragonitic calcium carbonate to
reefal sediments, initially as discrete segments. According
to Milliman (1974) and Stoddart (1969), unconsolidated
carbonate sediments such as these are at present, and also
have been in the geological past, quantitatively more im-
portant to building reefs than is the carbonate incorpo-
rated into the framework organisms such as corals and
crustose coralline red algae. The in situ production of
calcium carbonate sands by Halimeda has been described
by Wiman and McKendree (1975) and Neumann and
Land (1975), whilst massive export of Halimeda debris
from shallow water down to below 100 m depth on deep

windward reef slopes has been documented by studies

from submersibles (Ginsburg and James 1973; Lang 1974;
Moore et al. 1976). Extensive areas of predominantly
Halimeda debris have also been documented for parts of
the Great Barrier Reef Province (Maxwell 1968, 1973;
Orme et al. 1978).

Quantitative studies of Halimeda standing crop,
growth and productivity are scarce. In situ measurements
of segment accretion and plant growth have been reported
for sand-dwelling species (Bach 1979; Merten 1971; We-
fer 1980) and have shown, for instance, that up to one new
segment per branch per day may be added to such plants.
Laboratory studies of photosynthetic oxygen evolution
(Hillis-Colinvaux 1974) and of the degree, mechanism and
rates of calcification by Halimeda have been reported
(Bohm 1973; Borowitzka and Larkum 1976a,b,c, 1977;
Stark et al. 1969). However, few attempts have been made
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Fig. 1. Location of the study reefs off Townsville. Dotted line off Queensland coast = limit of Great Barrier Reef. Steep continental slope begins at
about 100 m depth contour. Flinders Reefs rise rapidly from about 1,000 m depth. Sites for growth studies at Davies Reef were I, windward reef slope,

2, hole on reef flat, 3, lagoon bommie, 4, leeward reef slope

to quantify the biomass of Halimeda vegetation other
than the relatively simple sand-dwelling communities.
Larkum et al. (1967) included data for H. tuna in their
study of lithophytic communities in Malta (Mediterra-
nean Sea) but elsewhere the patchiness of this type of veg-
etation seems to have discouraged quantitation and in-
deed, Gilmartin (1960) reported abandoning such at-
tempts at Enewetak Atoll for precisely that reason.

In this study Halimeda vegetation has been investi-
gated on geographical scales ranging from individual
plants to reefs many kilometres apart and on temporal
scales ranging from days to years. The study area selected
represents a potential gradient of physical, chemical and
biological factors from the coast to the Coral Sea in the
central region of the Great Barrier Reef Province. This
gradient is at present the subject of a multidisciplinary
study, and the genus Halimeda is by far the most consis-
tently conspicuous non-encrusting macroalga on the reefs
involved.

Methods

Biomass Distribution

The study was made at a series of reefs situated at increasing distances
from shore near Townsville (19°15” S; 146°18’ E) in the central region of
the Great Barrier Reef Province. The individual reefs were Pandora, Rib,
Broadhurst, Davies, Myrmidon and Flinders. Their locations are shown
in Fig. 1. The last named is actually an oceanic atoll system detached

from the eastern Australian continental shelf. Collections were made
from three main habitats distinguished within individual reefs. These
were the windward reef slope, lagoon bommies (otherwise called patch
reefs, knolls or pinnacles) and the leeward reef slope (itself usually con-
sisting of separate or coalesced bommies). These habitats are represented
by positions 1, 3 and 4 respectively on the inset showing Davies Reef in
Fig. 1. Only three of the six reefs studied had lagoons. Little Halimeda
was observed on reef flats which were therefore not sampled quantita-
tively.

Biomass samples were collected only from solid substratum, derived
either from coral or crustose coralline red algae and ranging in orienta-
tion from nearly horizontal to vertical or overhanging. SCUBA divers
proceeded to the chosen depth (between 1 and 21 m below low water)
where they collected any Halimeda present in a horizontal belt of conti-
guous 25 cm x 25 cm quadrats usually 6.25 m long. All the plants from
one such sample were placed in a 0.5 cm mesh bag. Where the rock sur-
face was considerably dissected, any Halimeda growing in cavities direct-
ly beneath the quadrats, themselves oriented parallel to the substratum,
was included. The number of quadrats sampled and the number without
any trace of Halimeda were recorded on a writing board on the collec-
for’s arm.

The representative nature of these samples was ensured by

"(a) collecting at widely spaced sampling stations within the several km?

covered by different habitats on a reef.

(b) anchoring the diviﬁg boat at points selected only on the basis of
availability of solid substratum.

(c) the very limited range of vision of the divers and the cryptic nature
of much of the Halimeda vegetation which combined to minimise any ini-
tial bias introduced by the tendency to select a position with some Hali-
meda for the first quadrat of a 6.25 m long belt transect.

Samples were air-dried on board ship and then, in the laboratory,
they were each sorted into individual species. The resulting subsamples
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Table 1. Species composition of Halimeda biomass sampled at reefs increasingly distant from shore. (% dry weight for all samples at each reef;
t indicates <0.05%; distance measured from nearest shoreline on mainland or substantial high islands)

Species Alllocations Rib Broadhurst Davies Myrmidon Flinders

H. opuntia 39.7 43.9 43.8 42.6 252 11.6
(L.) Lamouroux

H. copiosa 29.9 31.2 36.3 333 66.4 0.5
Goreau and Graham

H. minima 10.7 0.0 0.0 0.0 12 553
(Taylor) Colinvaux

H. micronesica 7.8 2.3 8.1 18.5 0.5 2.8
Yamada

H. distorta 3.8 0.0 0.0 0.0 0.0 20.8
(Yamada) Colinvaux

H. melanesica 2.7 9.7 6.6 1.6 0.0 0.0
Valet

H. lacunalis 1.5 0.0 0.0 0.9 4.1 4.1
Taylor

H. macrophysa 1.5 5.8 23 1.6 1.6 0.0
Askensay

H. fragilis 0.8 0.0 0.0 t 0.0 43
Taylor

H. tuna 0.7 7.0 1.2 0.7 0.0 0.0
(Ellis and Solander) Colinvaux

H. discoidea 0.5 0.1 1.5 0.2 0.0 0.0
Decaisne

H. gigas 0.3 0.0 0.2 0.6 1.0 t
Taylor

H. taenicola 0.1 0.0 0.0 0.0 0.0 0.6
Taylor

Total area (m?) 236.9 20.6 29.8 1374 289 20.2

Number samples 169 13 64 59 19 14

Total biomass (kg) 36.0 1.1 44 134 7.7 94

Biomass (g m™?) 22844285 91.0+205 190.8 +36.9 167.14-21.5 250.5+36.5 498.7+82.8

Distance offshore (km) 31 46 51 79 195

% H. opuntia and H. copiosa 69.6 75.1 80.1 75.9 91.6 12.1

were dried to constant weight at 70 °C in a forced draught oven and
weighed to 410 mg. Unidentifiable fragments, which seldom repre-
sented more than 10% of total biomass, were collectively weighed and
that weight redistributed in proportion between all the identified
species.

Growth Rates

Halimeda grows by development of discrete new segments, usually at
branch tips, and these rapidly achieve full size before calcification begins.
The rate of addition of new segments should therefore be a good measure
of growth. This was monitored at four localities on Davies Reef (see in-
set, Fig. 1) which supported substantial growths of the dominant litho-
phytic species H. copiosa and H. opuntia. Growth studies were restricted
to those two species.

The tips of branches were tagged by folding a 3.5 cm length of wire-
reinforced plastic twist-tie (white or red for easy relocation) between the
second and third segments of those branch tips which had no lateral seg-
ments. This delimited a two segment portion as shown in Fig.4. Up to
12 batches of 10 tips were tagged at approximately two month intervals
at each site. Each batch was restricted to an area no greater than
25x 25 cm and included most of the suitable branch tips therein.

The sites, which were all situated between 5 and 8 m depth, were
visited at approximately monthly intervals. At the first visit after tagging,
groups of marked tips were relocated by means of flagging-tape markers
tied close by, and the disposition of any new growth was drawn on under-
water paper. At the second visit it was often difficult to find the tags
without seriously disturbing the Halimeda vegetation, due to its prolific
growth. In addition, some of the tips had by then developed new growth

too complex to be drawn in situ. Therefore, at that visit all the tagged tips
which could be located were collected for analysis ashore, and new
batches were tagged nearby in undisturbed vegetation. Six separate but
consecutive tagging periods of about 2 months duration were thus
recorded during the year.

In the laboratory, new growth was recorded by detailed drawing. It
was then separated from the plant fragment below it, dried and then
weighed (0.1 mg) and its total surface area determined with a Licor
1.I-3000 area meter, with attached conveyor, to +0.1 cm?. In order to
keep track of the numerous individual plant fragments, each batch was
initially taped to an A4 sheet of paper and then photocopied. This pro-
duced an excellent permanent record before subsequent dismembering
for area and weight measurements.

Data Analysis and Presentation

Data for biomass and growth has been stored and analysed using a
DEC PDP 11/70 computer. Statistical analyses were carried out using
the software package MINITAB. Values are presented as mean 4 stan-
dard error of mean.

Results

Species Composition

Sixteen species of Halimeda were found in collections from
between 1 and 25 m below low water on the reefs studied.
They were identified according to the key and descriptions
set out by Hillis-Colinvaux (1980). Thirteen of the species
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Fig.2. Change in Halimeda frequency and biomass with distance from
shore. Open circles = % frequency of occurrence of Halimeda in quad-
rats; filled circles = mean biomass calculated from individual samples
vsually of 25 quadrats. Vertical bars = +1 standard error. Reefs indi-
cated by initial letter

occurred in varying amounts in the biomass samples col-
lected from solid substrata, and these are listed in Table 1.

Quantitative data were not obtained for the species
from unstable substrata. Such species were restricted to
small areas at the bases of bommies in lagoons and on lee-
ward reef slopes and to isolated sand pockets on wind-
ward reef slopes. H. cylindracea Decaisne and H. macrolo-
ba Decaisne formed the majority of this soft substratum
group whilst H. stuposa Taylor was found once on the
windward reef slope of Flinders Reef. In addition, H. dis-
coidea grew on substantial pieces of coral debris in sand as
well as on solid substata.

Nearly 80% of the Halimeda biomass collected from
solid substratum consisted of only two closely related spe-
cies on all reefs except Pandora Reef, the innermost with
no Halimeda at all, and Flinders Reef, the outermost. The
two species, H. copiosa and H. opuntia, were usually pres-
ent in approximately equal proportions. On Flinders
Reefs two other species, H. distorta and H. minima, made
up a similarly major proportion of the total Halimeda bio-
mass. These latter two species are also both placed in the
Opuntia group of the genus and they were either com-
pletely (H. distorta) or virtually (H. minima) absent from
all the other reefs studied. With the occasional exception
of H. micronesica and H. melanesica, the remaining species
were always very minor components of the Halimeda veg-
etation.

} Most of the material included as H. copiosa differed markedly from the
Caribbean type material of that species as described by Goreau and
Graham (1967). It had a sprawling habit, no discrete holdfast, and
rather angular segments, but it was referred to H. copiosa by Hillis-
Colinvaux (personal communication). A small amount of material
showing all the characteristics of the type material of H. copiosa was
also found and in this study, the two have been combined. The latter
species represented less than 5% of total H. copiosa at all sites except
Flinders Reefs where it was the only form found

Biomass Distribution

Halimeda biomass and its species composition on the vari-
ous reefs is shown in Table 1. The values refer to total dry
weight of the plants, of which 90% or more would be cal-
cium carbonate (Bohm 1973). Mature segments of H. co-
piosa, which made up nearby half the biomass collected in
this study, were, in fact, found to contain 91.3% ash.

Although the Halimeda vegetation was very patchy, at
least a trace of it occurred in 46.6% of the 3,415 quadrats
sampled altogether on Rib, Davies, Myrmidon and Flin-
ders Reef. Frequency data are shown in Fig.2 for those
reefs but were not obtained for Broadhurst Reef. The
minimum area which must be sampled in order to obtain
an estimate of biomass within 33% of the overall mean for
a given location was determined by selecting the biomass
values for individual samples in random order and using
them to calculate a cumulative mean biomass. Ten such
analyses for each location indicated a mean minimum
area of 8.3 +2.3 m? for all the locations sampled. This re-
presents only six samples, each consisting of 25 quadrats.

There was a marked increase in the frequency of oc-
currence of Halimeda in quadrats on reefs further from the
coast and this was accompanied by a considerable increase
in mean biomass, as shown in Fig. 2. Despite the con-
siderable variation observed between samples at any one
reef, 1-way analysis of variance showed the difference
between the reefs to be significant at the 5% level of
confidence.

The distribution of Halimeda biomass, and its species
composition, between the three major intra-reef habitats
investigated are set out in Table 2 A and B. The latter con-
tains only data for Flinders Reefs because of their mark-
edly different species composition. The variation in bio-
mass between the habitats was not significant at the 5%
confidence level (1-way analysis of variance) even when
the Flinders Reefs data was included with that from the
other reefs, although for Flinders Reefs the marked differ-
ence between windward reef slope and lagoon bommies
was significant at the 2% confidence level (t-test).

The small number of samples available for any partic-
ular depth and reef at present precludes quantitative anal-
ysis in that dimension. No major variation in species com-
position was apparent between habitats or with depth.

Growth

A total of 1685 branch tips of H. copiosa and H. opuntia
were studied at four localities on Davies Reef. The data
for the two species, which grew intermixed, developed in
a similar manner and were often difficult to distinguish
underwater, have been combined.

Only 57.5% of the tagged tips were recovered at the
end of their respective tagging periods, which lasted be-
tween 40 and 73 d and spanned a whole year. Of those re-
covered, 40.6% had not grown at all. The 572 tips which
had grown and were analysed further had put on a total
of 8,623 segments. This represented a total area of
6,457 cm? and dry weight of 265.3 g. An average segment
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Table 2 A. Species composition of biomass from three habitats on reefs in the central Great Barrier Reef Province. (% dry weight; t indicates <0.05%:
values = combined data from Rib, Broadhurst, Davies and Myrmidon Reefs; species in parentheses not present)

Species All locations Windward slope Lagoon bommies?* Leeward slope
H. opuntia 40.2 38.9 42.8 27.7
H. copiosa 40.3 42.9 36.9 52.7
H. minima 0.2 0.7 0.0 0.0
H. micronesica 10.2 9.7 10.3 1.9
(distorta)
H. melanesica 3.8 1.3 53 31
H. lacunalis 1.0 2.1 0.5 0.5
H. macrophysa 2.1 2.5 1.9 1.8
H. fragilis t t 0.0 0.0
H. tuna 1.0 1.2 0.8 2.1
H. discoidea 0.7 0.1 1.1 0.1
H. gigas 0.5 0.6 0.4 0.1
(taenicola)
Total area (m?) 216.6 63.4 95.0 58.1
Number samples 155 52 81 22
Total biomass (kg) 26.7 10.9 12.4 3.3
Biomass (g m™?) 180.74+18.1 172.24+31.7 205.14+27.3 11.1+£16.8
% H. opuntia and H. copiosa 80.5 81.8 79.7 80.4
2 Includes samples totalling 10.9 m? from deep holes on Davies Reef flat
Table 2B. Species composition of biomass from two habitats at Flinders
Reef. (% dry weight; t indicates <0.05%; species in parentheses not
present)
Species All Windward  Lagoon 5 em
locations slope bommies
H. opuntia 11.6 1.1 173
H. copiosa 0.5 1.3 0.1
H. minima 553 58.2 53.5
H. micronesica 2.8 2.1 3.1
H. distorta 208 27.6 17.1 0
(melanesica)
H. lacunalis 4.1 4.6 3.9
(macrophysa)
H. fragilis (tuna) 4.3 4.1 4.4
(discoidea)
H. gigas t 0.1 0.0
H. taenicola 0.6 0.9 0.5
Total arca (m?) 202 123 80 — | |
Number samples 14 18 6 0 15 41 days
Total Biomass gkg) 9.4 3.8 5.6 Fig. 3. Progressive development of an H. opuntia plant on a lagoon bom-
Biomass (gm ") 49874828 31114549 748911187 mie at Davies Reef. Plant drawn from photocopy of actual specimen.
% H. minima and Total of 28 new segments developed in 41 d, between 19/2/81 and 1/4/81.
H. distorta 76.1 85.8 70.6 Filled segments = those present at previous visit. Note single intercalary

in this new growth thus weighed 30.8 mg, had an area of
0.75 cm? and a density of 41.1 mg cm 2.

During four of the six consecutive tagging periods,
new growth was recorded mid-way through as well as at
the end of the period. Progressive development of a mod-
erately fast-growing tip is shown in Fig. 3. The rate of seg-
ment accretion in all cases was very similar in both the ini-
tial and the total periods (Table 3) despite the greatly in-
creased number of growth sites present on some branches
at the beginning of the second part of the period.

Only branch tips which had no lateral segments on the
terminal two segments were tagged. In order to ascertain

new segment developed well behind apices

if these behaved differently from the entire range of
branch tips present, their growth was compared with that
of all those tips present on new growth at the start of the
second period of growth. The latter could be individually
monitored but were undisturbed and had not been se-
lected subjectively. Those suitable for tagging in that
group were 1.1940.06 times more likely to grow at least
one new segment than were the whole group. Those
branch tips actually tagged were 1.5340.16 times more
likely to have grown at least one new segment in the first
part of the period than were the whole group in the second
part. This bias towards continued growth in the tips ac-
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Table 3. Rates of segment production by H. copiosa and H. opuntia in first half and total tagging period at
various habitats at Davies Reef. (Rate =new segments per surviving tagged tip per day)

Period Site Initial Total Ratio
(Total/Initial)
Days Rate Days Rate
February/March Hole 15 0.20 40 017 0.81
Bommie 15 0.16 41 0.26 1.57
Leeward slope 14 0.09 39 0.18 1.86
April/May Hole 20 0.18 62 0.12 0.64
Bommie 22 0.22 63 0.11 0.438
Leeward slope 22 0.16 62 0.14 0.89
June/August Bommie 39 0.16 72 0.17 1.06
Leeward slope 39 0.11 73 0.11 1.05
October/December  Hole 29 0.07 62 0.09 1.35
Bommie 28 0.13 66 0.20 1.50
Leeward slope 30 0.04 65 0.07 1.72
Mean 0.1440.02 0.15+0.02 1.184+0.14
A 50+ B and from samples collected separately indicated a relative-
» ly constant distribution of branch tips within the vegeta-
ﬁ y = 129% 0 tion, perhaps to be expected if the general morphology of
, O‘ Y x-010 the plants is to be maintained. There were 11.4+0.4 tips
10 r-=0
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Fig.4 A, B. Distribution of new segment development amongst tagged
branches of H. opuntia and H. copiosa at Davies Reef. A Semilog,,
frequency histogram of the rate of production of new segments on tagged
Halimeda branch tips. B Log,, log;, plot of % of recovered tagged tips
versus rate of segment production

tually tagged has been allowed for in later considerations
of segment productions rates.

Of the tagged branch tips which grew new segments,
a small number produced a large proportion of the new
segments (Fig. 4) and the fastest growing tip produced 359
new segments in 68 d. Data from both the tagged material

g~ ! in 22 samples involving a total of 3,084 tips. Since an
average segment in the tagged material weighed
30.8 £0.9 mg, this indicates 1 tip or apical segment in ev-
ery 2.8 segments. A similar value, 3.3 segments tip !, was
obtained from analysis of new growth on tagged branch
tips (2,332 tips amongst 7,674 new segments).

An average production rate of 0.16 segments d ™! by
all those tagged branch tips which survived and were relo-
cated (Table 4 A) indicated a gap of about 8 days between
inception of each new segment. However, if the consider-
able number of tips which did not grow at all are discount-
ed, then new segments were developed at 4 to 5 d intervals
and much more frequently on the very active branch tips.
Data for one tagging period at Myrmidon Reef
(Table 4 B) showed similar rates of segment production.

There was no significant seasonal difference between
the rates of new segment production in any of the three
habitats investigated throughout the year (1-way analysis
of variance, 5% confidence level). However, segment pro-
duction on the lagoon bommie was greatest during 5 of the
6 sampling periods and the mean annual rate of new seg-
ment production there was very significantly higher (1%
confidence level) than in the other habitats.

Difficulties were experience in sampling the reef front
where there were very few suitable tips for tagging, per-
haps due to grazing pressure. The data from only two ef-
fective tagging periods there may be unrepresentatively
low and has not been analyzed further.

The mechanisms by which tagged branch tips were lost
during the experiments were not elucidated but grazing by
large and small fish and a range of crustaceans and mol-
luscs, plus post-reproductive disintegration (Hillis-Colin-
vaux 1980) could account for losses varying from parts of
segments to whole plants and even patches of Halimeda
vegetation. The survival of tagged branch tips throughout



Table 4A. New segment development in H. copiosa and H. opuntia at Davies Reef

Period Location Total Recovered tips Growing tips
(days) tips
tagged total Segments Recovered Segments
tips (%) d-?! tips (%) tip~td !
February/March Hole 75 78.7 0.17 787 0.23
(40) Bommie 93 46.2 0.26 925 0.31
Leeward slope 64 56.3 0.18 719 0.35
April/May Seaward slope 81 51.9 0.03 80.2 0.05
(62) Hole 95 60.0 0.12 737 0.21
Bommie 80 45.0 0.11 85.0 0.16
Leeward slope 73 35.6 0.14 91.8 0.18
June/August Seaward slope 19 26.3 0.07 89.5 0.12
(73) Hole 94 52.1 0.14 79.8 0.23
Bommie 78 60.3 0.17 859 0.22
Leeward slope 51 72.5 0.11 627 0.23
August/October Hole 121 66.9 0.05 62.8 0.12
(55) Bommie 200 79.5 0.31 70.0 0.50
Leeward slope 120 57.5 0.08 61.7 0.23
October/December  Hole 95 69.5 0.09 69.5 0.16
(62) Bommie 96 83.3 0.20 70.8 0.30
Leeward slope 40 67.5 0.07 70.0 0.13
December/February Hole 110 300 0.09 89.1 0.15
(73) Bommie 100 49.0 0.12 750 0.24
Means Seaward slope 100 0.05+0.03 0.09+0.05
Hole 590 0.11+0.02 0.18+0.01
Bommie 647 0.22+0.03 0.29+0.04
Leeward slope 348 0.11+0.01 0.234-0.04
Overall 1,685 0.16+0.01 0.2740.04

Table 4B. New segment development in H. copiosa and H. opuntia at Myrmidon Reef

Period Location Total Recovered tips Growing tips
(days) tips
tagged Total Segments Recovered Segments
tips (%) d-?! tips (%) tip~tdt
November/January  Seaward slope 90 75.6 0.09 44.1 0.21
(62) Leeward slope 70 87.1 0.06 457 0.16
Overall 160 0.07+0.02 0.19£0.03

the tagging experiment is shown in Fig. 5. The rate of loss
was surprisingly linear at about 0.6% d~*. The 171
branch tips which were lost after their growth had been re-
corded midway through the tagging period had been
growing at 0.14 segments d ~*. This indicates that lost tips
were no different in growth characteristics from those
which survived, so that the entire tagged population can
be considered as one, whether recovered or not.

Productivity

The lagoon at Davies Reef is a well defined region in
which the most extensive measurements of Halimeda bio-
mass and growth were made. This allows Halimeda per-
formance there to be considered in some detail. Two ap-
proaches to calculating rates of production from the avail-
able data are set out in Table 5.

The first is based on the number of branch tips per unit
biomass and the rate of production of new segments. This
indicated a doubling time for total biomass of 15 d, an im-
portant ecological parameter which is independent of the
actual biomass present. Biomass must be lost at a similar
rate, otherwise production throughout the year at the rate
observed would lead to an exponential increase to an im-
mense standing crop. It is not unreasonable to assume that
losses in this situation may equal growth to give a moder-
ately constant biomass, at least from year to year. It follows
that about 3.24+ 1.5 kg dry weight of Halimeda was pro-
duced, and also lost annually per m? of solid substratum
on lagoon bommies.

Alternatively, the rate of loss of tagged branches was
directly measured and can be used in conjunction with
rates of new segment production to estimate the loss of
material. This will necessarily be a minimal value as loss



108

100
¢
50 -
B y=-0.58x + 96.3
2 r2= 084
N
0 T T T
0 20 40 60 80

days
Fig. 5. Survival of tagged branch tips of Halimeda during observation
periods at Davies Reef. Open circles = mean for all tagged tips at all sites
except seaward reef slope. Vertical bars = +1 standard error.

Table 5. Calculation of Halimeda productivity on the sides of bommies in
Davies Reef lagoon (rate of segment production adjusted for bias of 1.53
towards growth occurring in tips actually tagged)

A. Doubling time:
1 g biomass contained 11.4 +0.4 branch tips
1 branch added 0.14 +0.03 segments d !
1 segment =30.8+0.9 mg dry wt therefore 434+ 11mgd !
added per branch
1 g biomass therefore produced 49.0+ 3.4 mg dry wt d~*
1 g new biomass produced exponentially in 15 d

Productivity:
176.6+24.2 g dry wt m~? biomass on bommies contained
2013+ 356 branch tips
1 branch tip added 0.14+0.03 segments d~*
=434+ 1.1 mgdry wtd ™!
Total production=4.3+1.1 x 2013+356 mg dry wtm ™2 d~!
=87+41gdrywtm 2d~!

B. Rate of loss
50% of tagged tips lost in 80 d (Fig. 5)
basal 2 must be lost to lose tag
average lost tip =2+ (80 x 0.14+0.03) segments
=13.2+2.5 segments
=406.6+91.1 mg dry wt
2013 + 356 such tips per m? and linear rate of loss=0.58% d !
(Fig. 5)
Total rate of loss =4.8+2.1 gdrywtm 2 d™*

of only the tagged part of each branch is assumed. Loss of
1.8+0.8 kg dry wt m ™2 year ™! was indicated by these cal-
culations and again, to maintain the anticipated constant
biomass, production must have equalled that.

Thus, on average, this Halimeda vegetation produced
6.8+3.1gdry wtm 2d™ ! (2.5+1.1kgm™ 2 year ') of
segments. Assuming only 10% of this to be organic matter
in the species involved (Bohm 1973; own measurement for
H. copiosa) and this organic matter to be 47% carbon
(Westlake 1963), then daily production of 6.1+2.8 gm™2
CaCO0;, 0.7+0.3 g m~? organic matter or 320+ 146 mg
m~ % carbon occurred. Since many of the segments present
in this Halimeda vegetation weighed up to twice as much
as the relatively young ones involved in the growth ex-
periments, these estimates are necessarily minimal.

Sedimentation

Computer-assisted planimetry of aerial photographs of
Davies Reef indicated a perimeter of 54.6 km for the
lagoon and the many bommies enclosed therein. Most of
these structures had near-vertical sides extending from
low water to sand/rubble bottom at 8 to 10 m depth.
Therefore, an area of 4.9 x 10° m? of solid substratum was
available for Halimeda growth which would bear
8.7 x 10* kg of that vegetation, mostly as H. opuntia and
H. copiosa. Productivity calculations set out above indi-
cate that this would yield 10.9 x 10° kg of calcareous sedi-
ment per year. In such a lagoon with a bottom area of
5.9 x 10° m2, an annual accretion of 184.9 g m? would oc-
cur. Sediments from Davies Reef lagoon have a density of
1.40+0.01 g cm™3 (gravimetric determination) so that
0.13 mm vertical accretion would occur per year over the
whole lagoon floor due to Halimeda alone.

Sedimentological data (S. Tudhope, personal commu-
nication) indicate that Halimeda debris contributed about
25% of Davies Reef lagoon sediments with somewhat
more immediately adjacent to bommies. If it is tentatively
assumed that the sediment composition reflects the rate of
contribution of the various components, total accretion at
the present time of 0.52 mm, or 1 m every 1,892 years, can
therefore be expected. However, since this accretion pro-
gressively reduces the solid substratum available for
growth of Halimeda and other sediment generating or-
ganisms, rates of sedimentation may have been higher in
the past and may decrease in the future. Furthermore, ac-
cumulation of the lagoon floor sediments will move them
into shallower depths which may lead to greater export of
sediment produced within the lagoon, due to water turbu-
lence. No quantitative data are available on the present
rate of sediment export but with the lagoon floor mostly
deeper than 15 m, this is probably low. Import of sediment
to the lagoon from the seaward reef slope and reef flat has
not been included in these considerations.

. The Halimeda biomass within this lagoon, 176.6 gm™
suitable substratum, was by no means the highest re-
corded in this study. However, the presence of a large
number of bommies within a restricted area was a major
factor allowing a high total biomass within the lagoon, re-
sulting in the substantial sediment accretion indicated
above. Nevertheless, considerable rates of Halimeda sedi-
ment accretion must be occurring throughout the area
studied whilst the role of Halimeda segments as a reef-fra-
mework filler may be equally important.

2

Discussion

Sixteen species of Halimeda were found in the study area.
There were no unconsolidated seagrass/Halimeda flats,
such as those frequently encountered on Caribbean reefs,
s0 that results cannot be directly compared with, for in-
stance, the Jamaican situation where Hillis-Colinvaux
(1980) found 10 species in one arca. Flinders Reefs, an
oceanic coral atoll system, is probably comparable with
Enewetak Atoll where Hillis-Colinvaux (1980) reported



the highest Halimeda diversity (14 species) for any specific
area in the world. Flinders Reefs had only 3 species fewer
and the 11 species present were all also reported for Ene-
wetak Atoll, whilst one of those missing from Flinders
Reef (H. macrophysa) did occur on the adjacent continen-
tal shelf reefs. Thus, these two coral reef areas, on different
sides of the equator and nearly 6,000 km apart, have a
very similar Halimeda flora (Table 6).

The biomass of Halimeda per unit area of solid reef
sampled clearly increased from close inshore to the Coral
Sea, with none on Pandora Reef in very turbid inshore
waters up to 500 g m ™~ or more in the oceanic atoll situ-
ation. A substantial biomass was already present at Myr-
midon Reef but the further increase to Flinders Reefs in
the open ocean was accompanied by a dramatic change in
species composition, making direct comparison more dif-
ficult. Preliminary oceanographic studies have established
that periodic upwelling of deeper, nutrient rich water oc-
curs both at the shelf break in this region (Andrews and
Gentien 1982) and also in the region of Flinders Reef (J. C.
Andrews, personal communication). It is possible that the
higher Halimeda biomass reflects localised addition of in-
organic nutrients. The abundance of reef-associated graz-
ing fish may also affect, or reflect, algal abundance. Wil-
liams (1982) showed that, like Halimeda, populations of
such fish increased from shore to Coral Sea, although they
were somewhat reduced at Flinders Reefs, the very sea-
ward end of the transect. However, few of these fish graze
directly on Halimeda (Williams, personal communication)
but prefer the fine algal turf so that their abundance may
reflect growth of other algae paralleling that of Halimeda.
Herbivorous grazing may also affect the biomass of this
alga and the populations of grazing fishes are certainly
lower at Flinders Reefs than elsewhere along the gradient
(Williams 1982) except very close inshore.

The growth studies spanned a whole year but were re-
stricted to one reef. They did, however, involve the two
quantitatively most important species along most of the
gradient studied and these were sprawling lithophytic spe-
cies whereas previous studies on Halimeda have involved
discrete, sand-dwelling species. The two species studied at
Davies Reef showed tremendous variability in growth of
apparently similar, healthy branch tips. Many did not
grow at all whilst a few added several segments per day
and branched copiously. Wefer (1980) obtained similar re-
sults with H. incrassata, in Bermuda, which grew season-
ally and only when water temperature exceeded 20 °C.
The absence of seasonality in Halimeda growth at Davies
Reef was probably due to the higher water temperature
there which seldom dropped below 23 °C or exceeded
30°C (J.C. Andrews, personal communication). For
much of the year water temperature was close to the op-
timum for the genus, 27-29 °C (Hillis-Colinvaux 1980).
Wefer (1980) estimated a doubling time of 28 d for his
population when it was growing rapidly, and a contribu-
tion to the surrounding sediment of 50 g m™? year ™! cal-
cium carbonate. Such growth rates, considerably less than
those at Davies Reef, might be expected in the colder, sub-
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Table 6. Halimeda species at Enewetak Atoll (N. Pacific), Flinders Reefs
(Coral Sea) and in the central region of the Great Barrier Reef Province.
(Enewetak data from Hillis-Colinvaux, 1980; GBR = Great Barrier Reef;
Flinders Reef and GBR data includes species observed there but not
collected in biomass samples)

Enewetak Atoll Flinders Reefs Central GBR

H. copiosa

H. cylindracea
H. discoidea
H. distorta

H. fragilis

H. gigas

H. gracilis

H. incrassata
H. lacunalis
H. macroloba
H. macrophysa
H. melanesica
H. micronesica
H. minima

H. opuntia

H. stuposa

H. taenicola
H. tuna

B O+++++0+0++++++0++
= O+++++000+00+++0++
++0++F+++++00++0+ ++

Total

—
=

tropical locality. Bach (1979), again using sand-dwelling
species but in somewhat warmer waters around Florida,
estimated 25% loss of new growth as dead segments in
56 d, similar to the rate in Davies Reef Lagoon. However,
his values of 4.2 gm ™2 year ~! calcium carbonate produc-
tion (50% by Halimeda) and 8.6 g m~?2 year™! organic
matter (67% by Halimeda) were very much lower than
those from the present study. This may be due in part to
his low standing crop of 8.3 gm ™2 Halimeda (76% of total
calcareous green algae present), an order of magnitude
lower than that of Davies Reef, but it must be remembered
that the Halimeda vegetation localised on the lagoonal
bommies there contributed sediment to the extensive
lagoon floor, not just to the immediate substratum on
which the algae were growing. Merten (1971) measured in-
crease in plant length rather than segment number in her
populations of H. macroloba in Guam, where the temper-
ature regime was slightly higher than at Davies Reef (27.4
to 33.3 °C). She did, however, estimate only 3 crops per
year but presented data indicating an average contribu-
tion of 404.9 g m ™2 year ! calcium carbonate to the sedi-
ment around those plants. Each m? of actual vegetation
on the bommies in Davies Reef lagoon produced
2,234gm™ ?year ! calcium carbonate, still more than
five times her value.

Thus, the sprawling, lithophytic species which domi-
nate the Halimeda vegetation in the central region of the
Great Barrier Reef appear to be considerably more pro-
ductive than do the sand-dwelling species elsewhere under
comparable environmental regimes. Reports by Maxwell
(1968, 1973) that extensive areas of Halimeda-rich sedi-
ments occur in both the southern and northern regions of
the Great Barrier Reef Province, and by Orme et al. (1980)
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that in the north extensive banks of Halimeda segments
cover many km? of seabed between Lizard Island and the
outer shelf reefs, suggest rapid production of Halimeda
may also be occurring outside the confines of the individ-
ual reefs and at 25 to at least 60 m depth.
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