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. Abstract. Manipulative experiments were done and detail4ttr . 
descriptive data were gathered on a Panamanian fringing reef to 
'elucidate the fragmentation strategy of Acanthophora spicifera. 

from 1 February 1979 to 31 March 1980, more than 339 kg (d wt),6f 
A., spicifera were broken off and removed from 1.32 ha of reef flat. 

• -A. spicifera was the major algal contributor to the drift biomass when 
the drift biomass of a species was standardized to a. square meter"of" 

' reef and expressed as wet weight-. » 
Measurements of frond survivorship showed.that X. spicifera *' 

constantly gave rise to fragments in the w»ve zone (Laurencia Zone) 
which we're recruited into the more sheltered areas (Acanthophora and 
Thalassia ZonesJ). _ Colonization *ates were recorded as high as 
15 fragments xa"^ d during the wet and dry seasons. Wave-action *" 

<•_ determined the number and size 'of fragments-* produced in the fore'reef; 
however, the recruitment of fragments was also affected by the amounts 
and types of substrata, and. the" fore-reef biomass and growth "form of 

. A. spicifera. , > 
* More fragments of A. spicifera were recruited fn£6 the-Acanthophora 
Zone than into the Thalassia Zone. Higher current velocities 'decreased 
the aBiiity of free-floating fronds to* snag, arid increased their 

, distance traveled before snagging in the back reef. In the Acanthpphora 
Zone. .25 %-of, the snagged-fragments had greater than 3 days to attach to 
substrata. *A. spicifera required less than 2 days^to attach to 
h.' P&plHosa or to another frond of A. spicifera and les's than 4-5 days, 
to attach to Porites-rubble or Thalassia testudinum. From the estimated 
size of the Acanthophora Zone, the distance used by a fragment to snag, 
and the time needed by a fragment to attach, it was found that fragments 
of A. spicifera that enter the Acanthqphora -Zone had between a 49 % and 
93 Y chance of successfully recruiting. 

Aerial exposures of the reef flat were most frequent in'May-June 
and Septerfber-October. In the Laurencia Zone, 38 consecutive days of 
daytime "exposures were recorded. No exposure" period lasted longer than 

. 18 'hours* Single fronds of L_. paplllosa tolerated longer periods of 
aerial exposure (30 mjLn) than 'those of A. spicifera (15 min). 
Aggregates of /L. papillbsa fronds survived aerial exposures lasting five 
hours. By growing among fronds of L_. papilloga, .A." spicifera survived « 
severe atrial exposures. Also, -the spatial partitioning of 
photosynthefl? activity*in A. spicifera. allowed the holdfast to function 
as a persistent stage dur4~ig peri'ods'of aerial exposures when uprights 
were'not'maintained. At night, 12-hour aerial exposures ."injured 
A. spicifera, reducing the photosynthetic capacity of fronds as much as 

- 82 % when return to light. ' , 
As wave exposure decreased, the abundance and spatial distribution 

of A. spicifera and L^ papillo'sa increased. In areas of Intermediate' 
wave exposure, A. spicifera overgrew and reduced the growth of nearby 
L. papilliosa, bu,t the duration of Acanthophora overgrowth was short 
because of increased wave induced losses of fronds. L. paplllosa then 
overgrew A. spicifera. A"resistant holdfast prolonged the survivorship 
of A' spicifera when it was overgrown by _L, papulosa until the' 
overlying 1̂ . paplllosa wâ s removed by aerial exposures. In the 
sheltered ajceas, dense concentrations of A. spicifera developed with 
sufficient longevity to exclude.-L. papillosa sfJrom areas where 
A* spjieifera was most Abundant. A^J,ne balance of adaptations between' -
commupity disturbances and population interactions maintained the .* 
fragmentation stra'tegy. * >. 
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Study site at. Galeta -Point,- Panama. " « -
* • * 

' The reef flat at Galeta Point, Panama (from BIr-keland et" 
al.;i973). * ; . * „ " , i , „ 

Biotic zones of the reef,.flat at Galeta Point, Panama 
• (from Birk'eland et al. 1973). -Arrows indicate the 
» direction of water motion. ' . . * , ' 

. i * '"» . • ° - ' • 

Morphology of A. spicifera and L_. paplllosa. Determinate 
branches = hranches of a smaller, .more uniform size. (AJ 
A. spicifera, jbar length = 3.8 mm; (B) L. papilLosa, bar 
length * 2.8 mm'; (C) Spineless ̂ Branches of* A. spicifera, 
bar length''= 1-.6 mm. 

Fertile cystocarpi'c and tetrasporic plants of 
A* spicifera^ (A) eystocarplc plant, bar length •- 13 mm'; 
(B) tetrasporic plant, ba-r 'length = 17 mm. 

Station' locations on(Galeta Reef, Panama N-no. - Drift 
Net;'® = Tide Gauges; C-no,. F Colonization Station 
(Thalassia Zone); Bm =? Biomechanic Study Area; * > 
Ph = Phenology Transects;{] = Border to Laurencia or 
Acanthophora Zone Biomass.Stations; — = Drift Biomass 
Transectss; A = Temperature and Growth * J, 
Stations; &\= "Sqlarimet:ry Senfeor;', E = Exposed Station; 
ME = Moderately-Exposed Station; S'= Sheltered Station; 
BR =.Back-Reef Station; A = Acanthophora Zone Station; 
T r = Thalassia-rubble Station? and Th = Thalassia "Zone 
Station. ' <• - ' 

i . - j 

A'construction diagram of the wave force dynamometer 
modified from Denney (1983). (A) Top view with the bap 
plate removed to show the .slider^nd rubber bands. 
Dashed circle shows the position of^the hole cut iri the 
lower plate through which,the sqriber extends; dotted' 
lines -show the position of the .grooves ip the base of the 

, slider and in the housing base. (B) Side view of a 
section made through the line a -a in panel A. • 

' Transect numbers and X,Y coordinates used *n t n e 

Reef-Biomass Sfudy. Each mark indicates a location of 
• biomass sample (February 1979 to March 1980).' 

(Drift Sampling Net.* .(A) Close-up of the permanently ' „ 
fixed net (0.91-m high X 0.46-m wide) and the removable 
nylon bag; (B) Two nets at high water* 

* * . 



Botanical and Strahler Methods of numbering branches in a 
branching system. 1 = lst-order branch, 2*= 2nd-order . 
branch",' 3 = 3rd-order branch, 4 * 4th-order branch, 
lajy^first lst-order, bfanch; lb = srfcdnd tst-order 
branch; lc = third lst-order branch; 2a = first 2nd-order 
branch on the>first lst-order branch; 2b = second' 
2nd-order branch on the first lst-order branch; and . 
2c •» first 2nd-order branch on the second lst-order 
branch. \ * S 

Mechanical Measurements of Breakage. Position of algal^ 
attachment t?o pendulum balance when measuring "the force 
required t«'i£fcuae breakage of: (Fl) the main axis nea'r 
the holdfast; (F2) the main axis; (F3) the branch node 
when the the distal.ends of the .main axis and branch are 
secured; and (F4) tne branch node when the holdfast and, 
the ̂ dfstal end of %he branch were secured. 

. , ' ' 
Illustrated usage of vexar netting and foam padding to 
pair fragments of A. spicifera.with different substrata. 
The percent attachment (i«e_., the" physical bonding of 4two 
species) was noted each day from 40 plants of 
A. spicifera paired with A.* spicifera, 1. papillosa^ 
_Ti testudinum^ and Porites-rubble. Bar length = -33 mm. 

Monthly,maximum and minimum .temperatures within the " 
Acanthophora and Laurencia Zones tJune 1979-80). 
Thermometers were secured into pools at 0.5 m depth. 
( • ) Acanthophora Zone; ( o ") Laurencia Zone.' ; 

Solar Irradiance at Galeta Point, Panama (January-1979 to 
March 1980),. Da£a were provided by J.p.'Cubit, 
D. Windsor, and J. Thompson as part of the"environmental 
monitoring 'data from Galeta Point, Smithsonian 
Institution Environmental Science Program, S.T.R.I. 
Vertical, bars indicate + the standard deviation. All , 
values were converted from g cal cm h to j cm d . 

Daily Tidal Elevation Range at Galeta-Point, Panama 
(February 1979 to March .1980). Exposure in the air of 
tlle Laureflcia Zone occurred gfi tide gauge elevations of " 
below 0.3O m while those,.below 0.24 m exposed the, 
Acanthophora Zone. Data were provided by J.D. Cubit, 
D. Windsor, and J. Thompson as part -of the environmental"' 
monitoring data fronj/Galeta Point, .Smithsonian * 
Institution Environmental Science Program, S.T.R.I. 

I < 
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Figure 17. 

Figure 18. 'Exposures (h mo J;lof the 

ammo). . 

Figure 16. The frequency-of Laurencia Zone'exposures In .the alf at 
, 'k ' Galeta PointrPa'hama (-"19.79, 1^80, and 1979-80 poalejttp " 

data). "Tidal elevation data were provided by J.D. Cfjolt^ 
'D. Wlttdsot, aitd J. Thompson as part of the'enyironmental 
ponitoringjdata from Galeta Point, Smithsonian" 
Institwt-ii&JJfcrtvironmental Science Program, S.T.R/I. 

. "* * -; . , • - i . 

Daytime and NighttimeAerial Exposures (h mo ) of the 
Laurencia" Zone^at. Galeta Point, Panama (19^9-80). Tidal? 
elevation 4a'ta were* provided by. J.D. Cubit," T)'. Windsor, 
and J. Thompson as par*q of the environmental monitoring 
data-from Galeta Point, Smithsonian Institution 
Enyfronmental Science Program,^S.T.R.I. , ~- ; x „ 
'" ' - - ' ' ' ' > . ' -1 " .Daytime and Nighttime AeriaX'Exposures (h — v 

Acanthophora Zone ,at Galeta Point, Panama 
Tidal elevation data wete provided by- J.*D. Cubit, 

. D. Windsor, and J. Thompson as part of the environmental 
• monitoring daja from Galeta Point,, SmTehsonian ' , 

^ - Institution Environmental Science Program," S.T.R.I. '. -' 

— ' • s-: f ' *' • " 
Figute 19. Maximum forte exert^H by waves on 2.54-cm diameter sphere' 

at the Exposed, Moderately-Exposed, Sheltered and 
Back-Reef Stations' (29̂  November to. 9 December 1981)1* 

* «• ' ( • ) Exposed Station;' ( o ) Moderately-Exposed Station; 
• t . ( A. ) Sheltered Station; ( A ) Back-Reef. Station* . 

/ - - , •* 
Figure 20. Mean velocity of water measured relative,to incoming -

h waves at the Exposed, Moderately-Exposed, Sheltered", and 
Back-Reef Stations (1 December 1981). " Bar lengths 

* (vectors) Indicate the mean velocity and direction of 
water. Current velocities at each station were*measured 
over a 15-mip,period during moderate, dry-seasoh" 
conditions. '. * ' ', . 

£ 

y 

Figure 21 

Figure 22. 
* 

Mean velocity of water measured relative to incoming waves' 
at* selected locations on the reef flat at Galeta Point, , 
Panama (5 December 1981)'. Bar lengths (vectprs) Indicate 
the mean velocity and direction, of water. .Current 
velocities..at each'station were measured over a 15-mln 
period during moderate, dry-season conditions. Spill-off 

• = A location where large volumes of water are .channeled 
pff tjhe reef flat. - . 

t 

The distribution of A. spicifera and L_.' paplllosa 
relative to reef elevation at the 'Exposed', 
Moderately-Exposed, and -Sheltered Stations.. Elevations 
are expressed relative to tside gauges'at Galeta Point, 
Panama (September 1981). As » A. spicifera; 
LP "* £• paplllosa; Tt = JT. testudinum. . . I 
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w,Figure 23. 

Figure 24. 

Figure 25. 

Spatial distribution of A. spicifera on the reef flat at 
Galeta Point, Panama. Pooled data from Reef-Biomass' , 
Study (February 1979 to March 1980). Each mark^ indicate 
a, location of a biomass sample containing A. spicifera. 

tSpatial distribution of L. paplllosa on the reef flat ap 
„ Galeta Pointy Panama'. Pooled data from Reef-Biomass A 

.Study (February 1979 to March 1980). Each mark indicates 
•allocation of a biomass sample containing L_. paplllosa. 
> . - * 
Distance in meters along Reef-Biomass Study and 
Wave-Exposure Station transects occupied by A. spicifera. 
Pooled data from Reef-Biomass Study (February 1979 to 
March 1980) and Wave-Exposure Stations (September 1981). 
E -^Exppsed Station} ME = Moderately-Exposed .Station; 
S = Sheltered- Station. * , • * 

Figure 26. Sprftlal distribution of T, testudinum on t n e reef flat at 
f* Galeta Point, Panama. Pooled data from Reef-Biomass 

Study (February 1979 to March 1980). Each mark indicates 
a location of a biomass sample containing £. testudinum. 

Figure 27.• Seasonality of A. spicifera biomass in the Laurencia and 
Acanthophora Zones (February 1979-80). Vertical bars 
indicate + or - one standard deviation from the mean. 
n • 100 for"4each point in the Acanthophora Zone ( • ) ' . 
n = 50 for each point in the Laurencia Zone ( o ). 

Figure 28, Sampli.ng area of each net collecting, drift biomass. In 
different sea conditions, marked tags (45 mm pieces of 

' Surveyor's Tape) were released along two transects at 
' ' predetermined locations. Tags collected by the ne'ts 

defined the sampling are'a. 
1 

Figure 29. Total Biomass and A.;*spicifera Biomass collected in drift 
nets (1 February 1979 to 31 March 1980). Five 
permanently f ixedV nets (0.,91*-m high X 0.46-m wide) 
continuously sampled drift as °it was removed by a 

» unidirectional current from the reef flat. 

i 
Figure 30. Biomass of A., spicifera and L. paplllosa removed from the 

reef flat at Galeta Point, Panama (1 February 1979 to 
31 March 1980). ( A J L. paplllosa; ( • ) A. spicifera. 

Figure 31. Biomass of A. spicifera and L_. papulosa removed from the 
reef flat of Galeta Point, Panama, whffn the drift biomass 

", of a species was standardized to a square meter and 
expressed as wet weight (1-February 1979 to 31 March 

^ _ 1980). ( A ) L. paplllosa; ( A ) A. spicifera. 

K y 
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Figure 32. Seasonality of A. spicifera growth in the Acanthophora 
and Laurencia Zones.* All fragments were collected from 

- the Laurencia Zone. Vertical bars indicate + one , 
standard deviation from the mean, n = 40 for each'point. 

» i 

Figure 33. A. spicifera Brantn Compactness. Distance from the 
holdfast to the lst-order branches and the distance from 
the main Axis to the first 2nd-order branch. Fronds were 
collected in the Laurencia Zone ( o ) at the 
Moderately-Exposed Station and in the Acanthophora\Zone 
( • ) at the Back-Reef Station (October-November 1981" 
Vertical bars' indicate +,95 % confidence intervals, 
la = firstslst-order branch; lb = second lst-order , 
.branch; lc » thirad lst-order'branch; 2a = first 2nd-order 
/ branch on the first lst*-order branch; and 2c = first 
2nd-order branch on the second lst-order branch. 

Figure, 34. A. spicifera Branch Compactness. The mean,'length of the 
lst-order branches and of the first 2nd-order branches. 
Fronds were collected - in the Laurencia Zone ( o ) at the 
Moderately-Exposed Station and in the Acanthophora Zone 

J ( • ) at the Back-Reef Station (October-November 1981). 
Vertical bars indicate + 95 % confidence intervals, 
la = first lst-order branch; tb = second lst-order 
branch; lc = third lst-order branch; 2a = first 2nd-order 
branch on the first lst-drder branch; and 2c = first 
2nd-order branch on the second lst-order -branch. 

Figure 35. A. spicifera Branching Complexity. The percentage df 
s, . fronds found with 1st-, 2nd-, 3rd-, 4th-, and 5th-order 

branches and the mean number of branches at each order of . 
branching. Vertical bars indicate + 95 % confidence f 
Intervals, n = 99 fronds. Fronds were collected in the 
Laurencia Zone ( ov ) -at the Moderately-Exposed Station 
and in the Acanthophora Zone ( • ) at the Back-Reef 
Station (October-November 1981). 

Figure 36. L_. paplllosa Branch Compactness. Distance from the 
holdfast to the lst-order branches and the mean length of 
lst-order branches. Fronds were collected in the 
Laurencia Zone ( o ) at the Moderately-Exposed Station 
and in the Acanthophora Zone ( • ) at the Back-Reef 
Station (October-November 1981). Vertical bars indicate 
+ 95 % confidence intervals, la = first lst-order 
branch; lb * second lst-order branch; and lc - third 
lst-order branch. &•• 

Q i 
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Figure 37. L. paplllosa Branching Complexity. The percentage*of 
fronds found with 1st-, 2nd-, 3rd-, 4th-, and 5th-order • 
branches and the mean number of branches at each order of 
branching. Vertical bars indicate + 95 % confidence 
intervals, n = 99 fronds. -Fronds «were collected in the 
Laurencia Zone ( o ) at the Moderately-Exposed'Station 
and in the Acanthophora^Zone ( • ) at the Back-Reef 
Station (October-November 1981). 

• 
A.- spicifera: The frequencies of lst-order branches of 
different size clashes (Strahler Method) in the 
Acanthophora arid Laurencia Zone (October-November 1981)." 

h' paplllosa: The frequencies of lst-order branched of 
different size classes (Strahler Method) in the ' '< 

. Acanthophora and Laurencia "Zone "(October-November 1981). 
_ _ f , - . ^ ^ 

Mechanical Measurements of Breakage. Scatter diagram of 
the mass (weight) required to break a cross-sectional 

, -H area of A. spicifera." Force was applied on the main â cis 
near'the holdfast (. A ),, at a branch, node when the 

, holdfasj; and the branch were secured ( • ), and at a 
branch node when the distal ends off the main axis and . 
branch were secured ( o ). n = 50 If or each f jfacture* 
location. , L - -

* -A 

f 
lFigure 41. Mechanical Measurements of Breakage. Scatter diagram of 

the mass (weight) required to break the main axes of 
A* spicifera ( o ) and L. paplllosa "( ,t„* )• n = 50 for 

. each Fracture" location. 
- x - : " * 

Figure 42, * Numbers of fragments of different sizes of A. spicifera 
, ' J formed when transplanted into the Laurencia Zone during 

calm and moderate sea conditions. Arrows indicate the 
median fragment size. t . 

\ , •* t' • 

Figure 43.' * Depletion curves of A. spicifera at the Exposed, 
.Sheltered;, and Back-Reef Stations' (19* September to 31 

, October 1981 [wet season])". At each station, two groups 
of twenty fronds were tagged and noted for'their presence 

, ' or absence at 3- and 4rday intervals. (A-B) Exposed 
Station; (C-D) SneTbered 'Station; (E-F) Back-Reef 
Station. ' ' 

» 
* • 

Figure 44. - Depletion curves of A. spicifera at the Exposed, 
• Sheltered, and Back-Reef Stations (4 November to 16 

' .December 1981 [dry season]). At each station, two groups 
of twenty frond's "were tagged and noted for their presence 
or absence at 3- and 4-»day intervals. (A-B) Exposed 

. Station; (C-D) Sheltered Station; (E-F) Back-Reef 
Station. ' - < . . • 

• 
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.„ Figure 45 • 

Figure5 46. 

Numbers of tagged fronds lost per 106 fronds per day at 
the Exposed, Sheltered, and Back-Reef Stations 
(19 September to 16 November 1981). At each Station, at 
least forty fronds, were tagged and noted for their % 

presence or absence at 3- and 4-day Intervals. Missing 
tags were replaced. ( ,A ) Exposed* Station; ( 0 ) 
Sheltered Station; ( • ) Back-Reef Station. » 

Parcefat cover of A. spicifera yftt the Exposed and 
.Sheltered Stations (22 September to 16"December 1981). 
At the Back-Reef Station, the percent coverage remained 
at'100%. Vertical bars .indicate + the standard error, 
n •= 80 for each point. ( 0 ) Exposed Station; (-• ) 
Sheltered Station. 

Figure 47. Percentage of fertile tetrasporic plants of, A. spicifera 
• " in the Baurencia and Acanthophora Zones (January 1979 to 

February 1981). Four plants of A. spicifera possessing -
mature cystocarps were collected in the Laurencia Zone in 
October 1979. Vertical bars indicate + the standard 

• deviation, ir = 6 groups of 30 plants for each point. 
( 0 ) Laurencia Zone; ( • ) Acanthophora Zone. 

Figure 48. , Mean number of fragments of A. spicifera settling in the 
' Acanthophora Zone (9 September to 22 October 1979 [wet 

season]; 21 January to 6 March 198$ [dry season]). Six 
ĵ, plots (0.3 m X 0.5 m) were chosen randomly and cleared df 
^ ^ Acanthophora plants to expose a Laurencia understorey. 

Around each plot, adborder of 0.5 m was similarly cleared 
to serve as a buffer zone. Vertical bars indicate' + the 
standard error: . ' 'T ' 

Figure 49. Mean size (length) of fragments of At-Spicifera settling 
in the Acanthophora Zone (9 September to 22 October 1979 

' [wet season]; 21 January to 6 March 1980 [dry season]). 
Six plots _(0.3 m X 0.5 m) were chosen randomly and 
cleared of Acanthophora plants to axpose a Laurencia 
understorey. Around each plot, a forder of 0.5 I J H S 
similarly cleared to serve as a buffer zone. Vertical 
bars indicate + the standard devotion. ; / 

,, -Figure 50. Numbers of A. spicifera fragments of different size -
classes settling in the Acanthophora Zone (9'September .to 
22 October. 1979 [wet season]; 21, January to 6 Marlch 1980 
[dry season]). Six plots (0.3 m X„0.5 m) were chstŝ en 

- randomly and cleared of" Acanthophora plants to expose a " 
Laurencia understorey. Around each plot, a border of 
0.5 m was similarly cleared to serve as a buffer zone. 
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Figure 51. Percent'Attachment (i_.e_., the physical bonding of two 
individuals) of A. spiciferia with another frond of 
A. spicifera, L. paplllosa, _T.' testudinum, and 
Porites-rubble. Each point represents 40 species pairs. 

Figure 52. Seasonality of L. paplllosa biomass In the Laurencia and 
Acanthophora Zones (February 1979 to March 1980). \ 
Vertical bars indicate + or - one standard deviation fronr 
the mean, n = 100 for each point In the Acanthophora 

,1 & Zone ( • ). n = 50 for each point in the Laurencia Zone 
( o ). * ' 

4 
Figure 53. Mean rate of apparent photosynthesis and respiration of 

A. spicifera fronds after different aerial exposure and 
recovery periods. Fronds used as.controls were riot , -
exposed in the air. Vertical bars indicate,+ the 
standard deviation. . n =15 for each point. 

v • ' " , ' • -
Figure 54. - Changes in the" rate of apparent photosynthesis of of 

A. spicifera and L. papillosa "individuals" after a 
30-min exposure in the air and a 24-hour recovery period. 

r " ' Aerial exposures began at midday on a partly cloudly day 
(50 % cover).( Also shown, is the percent reduction in, 
apparent photosynthesis. Vertical-bars Indicate + 95 % 
confidence intervals, n = 12 for each point. 
C = Control; Exp = Experimental. 

lure Figure 55. Nighttime Aerial Exposures,: A. spicifera mats were 
» collected from the field and either placed into seawater 
tanks '(control) or just.above water level oft the reef 
flat (experimental treatment). After-12 hours (1500 to - , ~\ 
0700 h), fronds from the experimental treatment weae r" 
return to seawater and allowed to recover for 24 hours. 

•> All fronds were" then measured for for apparent 
photosynthesis. In the experimental treatment, fronds ', 
were further divided into partially and severely 

4 ' desiccated; severely desiccated fronds wej|e black and 
' dehydrated when removed from the field, while partially 

desiccated fronds appeared normal. Vertical bars ' 
indicate + 95 % confidence intervals. N =#10 for 

< experimental treatments, n = 6 for controls. 
C = Control; Exp = Experimental. * 

Figure 56. Changes in the mean rate of apparent photfosysnthesis of 
L_. papillosa fronds growing as "individuals" (separated 

^ from "aggregates") or as "aggregates" when subject to 
different periods of aerial exposure. Fronds used as 
controls came from the same "aggregate" of L. paffllosa 
but were not exposed in the air. Apparent photosynthesis 
was measured after a 24 hour recovery period. Vertical 
bars, indicate + the standard deviation.' ti T 12"*for the 

i control, n = 6 for each point in the experimental 
treatment. * -n\ 
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Figure 57. ^Mean rates of apparent photosynthesis and respiration of 
holdfasts and uprights of A. spicifera. Also shown, is 
the percentage decrease in apparent photosynthesis atfd . / 
respiration. Vertical bars indicate + 95 % confidence • 
intervals, n - 12, for each point". U = Uprights; 
H = Holdfasts. 

Figure 58. . Reef Biomass, Percent Occurrence, and Species Richness^ at 
'the Wave-Exposure Stations: (a) biomass and percent 

,. occurrence of L. papillosa In ,the Laurencia Zone 
(X + 95 % CI); (b) species jrichness in fhe Laurencia 

' ' ' Zone; and*(c) A. spicifera and^L. papillosa biomass in 
" the "center of distribution'* of A. spicifera (X + SE). 

E = Exposed Station;* ME = Moderately-Exposed Station; 
S = Sheltered Station. 

Figure 59. Biomass of A. spicifera and L.jpapillosa in the "center 
* i of distribution" of A. spicifeya at the Exposed", 

Moderately-Exposed, and Sheltered Stations. Vertical 
bars indicate,^ the standard deviation, n = 20 for each 
point. E = Exposed Station; ME = Moderately-Exposed 
Station;'" S = Sheltered Station. ', ," *. 

Figure 60. The ratio of the biotnass of A. spicifera to total biomass 
plotted against total biomass. Solid lines define'd the 
scatter of point at the Exposed Station, while the dashed 
lines and shaded areâ , defined' the scatter of points at 
the Sheltered, Station, ri = 20 for each station. ( o ) 

> Expbsed Station; ( • ) Moderately-Exposed Station; ( A ) 
'Sheltered Station-. 

f ' 
Figure 61. The ratio of the biomass'of L. papillosa to total biomass 

plotted against total biomass. Solid lines defined the 
scatter of points at the Exposed Station, while the 
dashed lines and shaded area defined the scatter of -. 
points at the Sheltered Station. sn = 20 for each 
station. ( O') Exposed Station; ( • )• Moderately-Exposed 
Station; ( A ) Sheltered Station. 

Mean rate of apparent photosynthesis of 4ik spicifera and _ 4 
L. papilloma as a function of light intensity. Vertical 
bars Indicate + the standard deviation. ,n = 6 for each 
point. ( o ) L. papillosa; ( • ) A. spicifera. 

Apparent photosynthesis of A. spicifera and L. papillosa • 
as a-funexion-* of seawater temperature.* Also shown, is 
the; temperature range of seawater in shallow., reef-flat 
pools at Galeta Point, Panama. Vertical baf$ indicate + , 
the standard deviation, n = 6 for each point. ( o ) 
i.* paplllosa; ( • ,) A. spicifera. 
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Figure 64. Mean rate of apparent photosynthesis of A. spicifera and 
* *hr papillosa at different combinations of reef-flat 

temperature and quantum.Irradiance. Vertical'bars 
, indicate + or - one standard deviation, n - 6 for each 
point. ^ : '. 

List of Tables 

Table I. Analysis of Variance Table evaluating wave-force at the 
Exposed, Moderately "Exposed, Sheltered, and Back-Reef 
Stations (November - December' 1981); N = newton 

" • * 
Table II. Two-way Analysis of Variance Table evaluating water 

3 velocity at the Exposed, Moderately Exposed, Sheltered", 
and Back-Reef Stations^November 1981). 

Table III. Analysis of Variance Table evaluating the water velocity 
of incoming wave surge at the Exposed, Moderately 
Exposed, Sheltered, and Back-Reef- Stations . 
(November 1981). . ** 

Table IV. 

Table V. 

Sampling area of each net collecting drift biomass. In 
different sea conditions, marked tags (45 mm pieces of 
Surveyor's Tape) werelreleased.along two transects at 
predetermined locations. | Tags' collected by the nets *, 
defined the samp4JLsi^irea. 

Analysis of Variance Table evaluating Total Biomass 
collected by Drift Nets (January 1979 to March 1980). 

Table VI. Analysis of Variance Table_jiyaluating A. spicifera 
collected in Drift Nets (January 1979 to'March" 1980)*. 

Table VII. Sampling Efficiencies of Drift Nets based upon the 
release and capture of tags during different sea 
conditions. «* -

Table VIII. Reciprocal Growth Experiments. Analysis of Variance 
Table evaluating the growth of A. spicifera. Fifty . 
fronds were collected in the Acanthophora Zone, placed 
Into .enclosures, and transplanted in to ,the Acanthophora 
and Laurencia Zonefe. An additional 50 fronds, that were 
collected in the Laurencia*Zone_ were similarly treated. 
Growth was measured over a one-week period in February 
and August 1979. 

Table IX. Two-way Analysis of Variance Table evaluating the length 
of lst-order branches of A. spicifera, and L_., papillosa in 
the Laurencia and Acanthophora Zones (October 1981). S 

/* 



/ 

c 
X xvltLi • 

t .* 

«o 

f Table-'X. Mechanical Measurements of Breakage*" Regression models 
of the mass- (weight) required to cause breakage as a 

» . function of cross-sectional area (tart ) of A. spicifera. 
B = Y-ihtercept; B' «• slope of the regression line; 
H = null hypothesis; r = regression coefficient*. 1 

r^k Table XI. Mean survival period and LE/50 (i_.e_., time to> lose' 50 %" 
of the tagged fronds) for A. spicifera fronds at 
Wave-Exposure Stations (September to October 1981 [wet 
season]; November to December 1981 [dry seasons]). 

fable XII. t •, Analysis of" Variance Table evaluating the survivorship of 
tagged fronds of A. spicifera to wave-action 
(19 September to 16 December 1981). 

Table XIII. Thalassia Zone Colonization. Number of A. spicifera 
fragments recruited onto T. testudinum, L_. papillosa, and 
Porites-rubble «at five Thalassia-Zone Stations. Each 
station"consisted of a square-meter plot of ,each 

' substratum that was examined at the end of six months- far 
the number of fragments present (September 1979 to 
February 1980). -

Table XIV. 

S 

The effect of current Velocity on drifting fragments of 
A. spicifera and L_, papillosa: (i) in their 'ability to 
snag, (li) in their ability to remain in position for 
72 hours, and (iii) in their distance traveled before 
snagging in the Acanthophora Zone* Each fragment was 
released from a starting position and followed until 
snagged (i.e_., remaining"in the* same position for more 
than 5 min.). After 72 hours, fragments still in postion 
were counted. " ' 

Table XV. Chi-square Analysis evaluating the effects of current' 
velocity on drifting fragments of A. spicifera and 
L,. papillosa in their ability to snag and in their 
ability to remain in position for 72 hours in the 

« Acanthophora Zone. Each fragment was released from a 
starting position and followed until snagged .(i«e_., 
remaining in the same position for more than- 5 min.). 
After 72 hours, fragments still in postion were counted. 

Table XVI. Analysis of Variance Table evaluating the Snagging 
Distance of A. spicifera and L. papillosa in the 

' Acanthobhor-a Zone at different current velocities 
(197^80)'. >J "-

r. 

>N 



XIX 

Table XVII. . The effect of current velocity and reef-flat location on 
drifting fragments of A. spicifera: (I) fh their ability 

A- , % to snag, (ii) in^their ability to remain in position for-
72 hours, and (iii) in their distance traveled before 

Tsnagging in the Acanthophora Zone. Each fragment was * 
. <re*e1ksed from a starting positiofi andrfollowed until 
snagged (i.«e_., remainitig-in the same position for more 
fthan 5 min.). Affter 72 Wurs, fragments still In postion' 
(were counted. ' ' 

Table XVIII, » Chi-square Analysis evaluating vthe effects of̂  current 
velocityton drifting fragments of A. spicifera in the'ir 
ability to snag and in" their ability to remain in ' 

m position for 72 hours In the Acanthophora Zone. Each t 
i fragment was released from a starting position and 

, „ ^followed until snagged (t«e_., remaining in' the same 
position for more than 5 min.).« After 72-hours, 

° ^_^_Jfragments still In postion were counted. " • 
' * * 

Two-tailed Students t-test, evaluating the effect of 
Nighttime Aerial Exposures "on the apparent phptosynthesis 
of A. spicifera (October-December -1981). 

Regression Analysis evaluating A. spicifera and 
L.fpapillosa biomass within the"~"center of distribution" 
of A. spicifera at„the Wave-Exposure Stations* 
(October 1981). r *= regression coefficient; 
B = Y-iatercept; B. = slope of thtf regression line. 

Table XIX. 

Table p . 

Table XXI. 

Table XXII. Tab, 

Table XXIII. 

The blomass of L. papillosa at the Sheltered Station 
(October 1981). Negative distances were seaward of, the 
"center of .distribution of A. spicifera, while 'positive 
distances were in a -landward^ direction. 

Association Analysis between A. spicifera and 
L. papillosa at three Wave-Exposure Stations. Displayed 
-are the number, 6f' samples containing only A. spicifera, 
only L . paplllosa, both species, or neither species 
(Reef-Biomass Study; February 1979 to March 19,80). 
<(+)•= present; (-) = absent. * 

Size of A. spicifera and L. papillosa one and five weeks 
after an .Aerial Exposure Period, (n * number of plants) 

Table XXIV. Percent Transmitted Light through L.„paplllosa 
"aggregates" and A. spicifera 
Stations (October-November 1981). n = number o£ 
photometer^readings; min. = minimum; max. = maximum. 

'mats" at Wave-Exposure 

f 



J 

XX 

Table XXV'*-1 ' Removal Experiment.' tSlx plots were norirandomly selected 
'-- i ,' in the Acanthopho-ra Zone in areas of a unifotm cover of 
-' ' .. »A* spicifera. One half of each plot was randomly ^ 

selectedcby a toss oi a coin and removed of all 
A. spicifera. For six months, any fragments t)f 

-- A. 'spioifera found within these cleared plots were 4 
^ , removed. Both halves of. the plot Were then*'harvested and 

',° s compared-for differences in blomass. ,Da£a represent four-
«of six stations,x Two-stations were destroyed by a late 

r . dry-s,eason storm. * 
" . - •v " . ' i 

Table XXVI. Survival of" 'Uprights and Holdfasts in .low light 
intensities (Septemher-December 1981). Plants were 

' subjected to: (i) total.darkness in vessels filled-with 
seawater, (ii) total darkness in vessels with seawater 

«• pumped through the vessels, arid (ii^#*fjw light intensity 
• " ' beneath an "aggregate" of IJ. papillosa thafrNjJas' fitted to 

* darkened vessels, submerged in seawater, and sprayed with 
1 / « -" ' a jet of seawater.' Afjter 24 hours in treatment one and 
„ two weeks in"treatment two and tnree, fronds were'removed 

from vessels, sectioned into uprights and holdfastsf^and 
noted for new branch formation after three weeks. * 

» (+ = production of new uprights; -'f loss of pigmentation 
and thallus degeneration) « • 

"List of Appendices 

Appendix I. \pp 

Appendix II. 

Appendi» III. 

Appendix IV. 

Appendix V. 

An assessment of the'effects of wave action and predation 
on the sbranching morphology of A. spicifera and 
L. paplllosa* 

Distances along transect of the Reef-Biomass Study which •> 
defined the sampling area of "the drift nets,.. ,-

Area occupied by A..* spicifera" and <L. papillosa in the 
Drift Sampling Area (February 1979-~to March 1980). 
Percent occurrence data were obtained from, the 
Reef-Biomass Study and multiplied by the total area " 
sampled by the Drift Nets (1.32 ha) 'to -estimate the area 
occupied by A. spicifera and L. papillosa. 

» '• 

The Branching Structure of Acanthophora and.Laurencia 
Zones fronds of A.* spicifera (Botanical Method; 
October-November 1981). n = number of fronds. 

The Branching Structure of Acanthophora andMaurencia Zones 
- fronds of L̂ . papillosa (Botanical Methsd; 
.October-November 1981). n • number of fronds. 

Y-



V 

XXJ. 

.% List of Abbreviations 

s second 
min ............... minute 
h ............... hour 
d day 
mo ' f . . month 
mm millimeter 
cm centimeter 
m ............... meter ' 
kg , kilogram 
mg ..., ^ milligram 
.g • * gram 
"% ••••„ *•• parts per hundred or per cent-
Zoo parts , per .thousand 

C Centigrade „ ,_ 
degree 

d wt- dry weight 
wwt wet weight 
Q ' Savage(Mantel-Cox)Test 
,t ..., Student's t-test 
F - *. ..«. ANOVA F-Ratio 
ANOVA • Analysis of Variance 

2 
X, "....<*. £hi-Square Test 
SE Standard Error 
SD ' Standard Deviation \ • * 
95 % CI 95% Confidence Interval S „ ̂  
df * degree of freedom 
n number of samples / 4 

N newton 
p probability 
2 * *" 

r ............... regression coefficient 
ss _ ' sum of squares 
ms ' ............... mean squares 
x mean , 
Ho Null Hypothesis 
B regression constants 
LE/50 Lethal Wave Exposure 50% 
j *• •• joules 
;uE micro-einstein , 
P Maxiaum Photosynthesis 
max J 

I, ...- Saturation Constant. 

( 



XXXI 

s 
'Acknowle dgement s 

• t This research project was funded by a grant from the" Smithsonian 

' - * 

, Institution's_Envlronmental Science Program to J. Norris and J. Cpbit., 

Additional support was provided at Dalhousie University by a Killam 

Memorial Scholarship and a Department of Biology Fellowship. I am also % 

grateful to A.R.O. Chapman for providing the funds for the many "little 

things" in a thesis that turn out to be quite expensive. 

I am sincerely grateful to Jack McLachlan who supervised the 

writing of this thesis, for his invaluable advice and criticisms. I 

also want to express'nfy appreciation to J. Cubit, in Panama, for his 

* attempts to make me a better scientist. Thanks are also due to M. Hay 

for "acclimatizing" me to life in the tropics .and providing stimulating 
w ' 

„ conversation during' those late .hours at "the Galena Marine Statitton. The 
t ' « 

efforts and assistance of S. Williams, R. Thompson, G. Danials,'the 

"* staff at S.T.R.I., and my committee, D. Patriquin, B. Freedman, 

A.R.O. Chapman, G. Hicks, are also^appreciated. 

Finally, my gratitude also goes Elizabeth Jollimore, Craig Johnson, 

Paul Johns, Julie LaRoche, and my many friends at the Bluenose Soaring-

Club who,made my stay in Nova Scotia memorable. '* 



1.0 Introduction 

Acanthophora spicifera (Vahl)* Berrg. is a rhodophycean alga widely 

distributed in subtropical and tropical seas (Doty, 1961; Russell, 1981; 

Taylor, 1967). Low seawater__temperature limits the species to these 

warmer waters. The optimum temperature"for growth is Between- 23 and 
• * * * - • 

28°C .(Russellj,1981; Trono, 1968). At high "subtropical latitudes the 

alga is often present throughout the year, but may disappear during the 

colder winter months (Rao & Steeramalu, 1974; Taylor &. Bernatowicz, 
1 a 

.1969). Despite the wide distribution of A. spicifera, little "is known 

about itssecology. Information has been generally limited to species 
r 

lists £Dahl, 1973; Earle, 1972a; 1972b; Mathieson et al., 1975; 

Taylor, 1967; Trono, 1968) and relative abundances ^Conner & Adey, 1977; 

Doty, 1969; Gilbert, 1976; Santelices, 1977), except for the s-tudy'by 

Russell (1981.).of the distribution of A. spicifera in Hawaii. 

A.' spicifera occurs In Intertidal t&ao & Steeramalu, 1974; Tabb & 

Manning, 1961) arid'subtidal habitats (Dah±w1974; Earle, 1972a; n % 
- ' **'••*. • 

Mshigeni, 1978). As i,t is unable*to Withstand ,pr61onged exposures in 
' * * 

the air (Rao & Steeramald',-1974), A. spicifera is restricted to the low 

intertidal or to the subtiddl regions of the shore-. Extensive stands of 

A" spicifera are found on shallow reef-flats (Conner & Adey,-1977;- -

Doty, 1961;, 1967; 1969; Meyer "et'al.. 1974j< 1975; Russell, 1981; 

Santelices, 1977), and^the species occurs frequently at depths of 17 m 
i 

in Puerto Rico'(Dahl, 197S) and of 22 m in the Virgin Islands 
(Earle*, 1972b; Mathieson et al., 1975). Hay (1981a) has shown that v 

S 
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herbivorous fishes can exclude, the species from some subtidal -habitats" 

in Panama. Many herbivorous fishes, sea urchins, and crabs 

(Earle,.1972b;, Hay, 1981b;'Kilar & Lou, 1984; Randall, 1964; 1967; 

Vadas et al., 1982) are reported,-to readily consume or include 

A* spicifera as part of their diet, • Russell (1981) considered water 
, " . Hi 

-potion to be the limiting factor that determined the distribution of* 

*' ^ ' f / 
A. spicifera in Hawaii.* The species occurs, .however, both in sheltered 
' „ ' • • ) 

bays (Almodovar & Pagan, 1971; Russell, 1974; Taylor's 

Bernatowlcz, 1969) and on open coasts (Croley & Dawes, 1970; Kim, 1964; 

Russgll, 1974$ Taylor, 1,967) in "protected and exposed areas of wave, ' 

action (Russell, 1981; Wormersley & Bailey, 1969). 
/ 

A* spicifera is found on a wide range fcf substrata. It grows on 

hard substrata (Almodovar & Pagan, 1971; Dawson, 1954; Mshigeni, 1978; 

Taylor & Bernatowlcz, 1969; Varma, 1959), as an epiphyte on other algae 

(Mathieson et al., 1975; Russell, 1981), or as a stable, free-living 

population (Benz et al., 1979; Cowper, 1978; Doty, 1961; Eiseman & Benz, 

1975; Russell, 1974; 1981). Benz et aL (1979) reported A. spicifera 

as one of the most common'members-of a free-living, macroalgal community 

near Ft. Pierce, Florida. Russell (1981) observed that A. spicifera was 

frequently associated with Laurencia spp. and Hypnea spp. and, in 

certain situations, competed with, displaced or replaced them. 

Doty (1961) reported on the Introduction to Hawaii of A. spicifera. 

In 1950, a fuel-oil barlk, heavily fouled with marine organisms, was 

towed from Guam t» Pearl Harbor, HawaHf̂ ***It was this barge that Doty 

(1961) suggests*had A. spicifera on its hull. Subsequent studies by 
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Mshigeni (1978) and Russell (1981) have yielded conflicting results as 

how A. spicifera has been able to rapidly spread throughout Hawaii. 

Mshigeni (1978), when investigating the colonization onto natural and 

artificial surfaces by benthic algae, concluded that A. spicifera was 

propagated by vegetative fragmentation. In contrast, Russell (1981) 

suggested that tetraspores were the principal agents of dispersal. He 

noted that mature tetrasporic plants were found throughout the year at • 

„several different localities. Similarly, Eergesen (1915-20), Feldmann 

(1937), and Joly (1957) had also noted the predominance*of the 

sporophyte generation. 

The first objective of my study was to consider the roles of 

vegetative fragments and spores of A. spicifera as means of propagation 
A t 

on the reef-flat at Galeta Point, Panama. At that site, Birkeland et 

al. (1973). reported that A. spicifera grew within the wave zone and In 

the back-reef. Closer observations revealed that: (1) water flowed in â » 

unidirectional manner over the reef-flat; (ii) A. spicifera commonly 

occurred as drift; and (ill) A. spicifera grew primarily as an epiphyte 

in the back-reef. These observations led to my working hypothesis that, 

""in thê Viive zone, A. spicifera gives rise'to fragments that colonize the 

back-reef. By fragment, I mean an unspecialized, detached piece of 

thallus,. Numerous approaches were undertaken to verify this hypothesis: 

(I) .locating the principal fragment sources and areas of colonization; 

(ii) understanding the mechanics of thallus breakage; and (Hi) 

examining the processes of fragment recruitment. To examine Russell's 

(1981) suggestion that tetraspores of A. spicifera were the principal 
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agents of dispersal, a phenological study was also done. 

The second objective of my study was to demonstrate the persistence ' > 

of the fragmentation process. To do so required an understanding of the /**-

community structure built around the effects of major community 

disturbances and of the interactions, .among the component populations. 

The main factors involved were exposures of the reef-flat to air any 

wave action, and competition for space between A. spicifera and 

Laurencia papillosa (Forsk.) Grev. Predation, another form of community 

disturbance (Connell, 1970; Dayton, 1971; Paine, 1966; 1974),' was 

examined and found not important (Appendix I). 

i 



• 1.1 (Study Area 

t 

Research was conducted on the reef-flat adjacent to the Smithsonian 

Tropical Research Institute (S.T.R.I.) Laboratory at Galeta Point, 

Panama'( 9° 24.3'N, 79° 51.8'W). The reef-is situated about 6 km 

northeast of Colon, Panama, the Caribbean entry into the Panama Canal 

(Fig. 1). Galeta Reef has been a biological preserve sine's 1965. 

Baseline monitoring surveys have'been conducted there since 1969. 

Galeta Reef is typical.of fringing reefs of the Caribbean coas,t of 

Panama (Glynn, 1972; Maclntyre & Glynn, 1976). It was formed about 7000 
t 

• years B.P. from the coral Aeropora palmata Lamarck. Subsequently, the 

growth of reef-building corals was restricted vertically by sea level 

and horizontally by unconsolidated sediments. Maclntyre & Glynn (19761^ 

concluded that Galeta -Heef is an example of a fully-developed fringing * , 

reef. They noted that the corals no longer contributed actively to the 

reef framework* that mangroves encroached onto the reef-flat, and that 

there was a thick talus cover on the fore-reef, ' The seaward.side of the 

reef.extends down to about 13 m depth, while on the landward side the 

reef is bordered by a lagoon or "a mangrove swamp. The reef-flat Is 

usually covered by 0.1 to 0.4 m of water and experiences tidal 
i 

fluctuations of 0.7 m (Maclntyre & Glynn, 1976). Seawater temperature 

•' ' ** o o 

on the reef-flat is generally between 26 and 29 C and the salinity is 

usually between 32 and 35 °/oo (Hendler, 1977). 

During the dry-season (November through March), northern and 

northeasterly trade winds blow at a mean velocity of 24 to 27 km h 



Figure 1. Study site at Galeta Point, Panama. 
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(Hendler, 1976), about three time's the mean velocity occurring In the 

wet season. Waves that -are generated by these strong winds cause 

< * ' 

considerable turbidity and remove weakly attached organisms throughout 

the reef-flat. 'The increased turbidity, occurring largely because of 

the resuspension of sediments, Is believed to be a significant limiting 

condition for .reef building at Galeta (Glynn, 1982; Maclntyre & Glynn, 
' \ V 

1976). h • k \ V 

Exposures of reef surfaces in the air are common in the Caribbean 

(Glynn, 1968) and occur with low spring tides or when calm seas coincide 

with a low pressure system (Hendler, 1977). Exposure periods of several' 

.weeks kill most non-swimming herbivores and reduce algal cover (Hendler, 

1976; 1977; Glynn, 1968; Meyer et al., 1974; 1975). At Galeta, such \t 
1" —— * ( 

conditions are prevalent during the wet-season, April through October* 

Unlike most tropical reefs, the reef-flat at Galeta has a luxuriant 

growth of algae and seagrasses. Birkland et al.. (1973) identified five 

biotic communities or zones across the•reef-platform. i^From sea/Ward to 

landward these zones are: the Coralline Zone; the Laurencia Zone; the 

Zoanthus Zone; the Thalassia Zone; and the Acanthophora Zone 

(Figs. 2 and 3). The Coralline Zone represents a predominantly subtidal 

area where the reef-flat merges^with the reef slope. This region is 

heavily grazed by fishes, <pstly Scartdae and Acanthuridae, arid by the 

sea urchins, Diadema anti/larum Philippi, and Lytechinus variegatus 

Lamarck. In contrast,/on the reef-flat, little to moderate predation 

bccurs (Hay, 1981a; 1983j Appendix I). The principal inhabitants of the 

Coralline Zone are the corals, Mlllepora complanata Lamarck, i 
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Figure 2. The reef flat at Galeta Point, Panama (from 

Blfkeland efc^l., 1973). 
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Figure 3w Biotic Zones of the Reef Flat* at Galeta Piont, 

Panama (from Birkeland et al. 1973),. Arrows Indicate the direction of 

water.motion. i 
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Slderastrea slderea Ellis & Solander, Porites furcata Lamarck, 

-Porites astreoides Lesueur, the gorgonian, Gorgonia flabellum L., the 

crustose coralline algae, Neogoniolithon sp. and PoroMthon sp., the 

green algae, Hallmeda opuntia (L.)*Lamo-ur. and Caulerpa racemosa 

(Forsk.) J. Ag., and the fleshy red algae, Bryothamnion seaforthii 

(Turn.) Ktitz. and Cryptonemia erenulata tJ. Ag. The Laurencia Zone 'marks 

the outer limits of*the reef-flat on which the waves break.' The 

J " ' 
topography of the reef-flat'is such that the highest elevations occur in 

/ • the Laurencia Zone and decrease moving in a landward direction "(Fig. 3). 

On the seaward margin of the Laurencia Zone occurs the greatest 

diversity-of algal species. The predominant algae are: L_. papillosa, 

A. spicifera, H. opuntia, C. racemosa, and Gellidiella aceroa 

(Forsk.) Feldm. & Hamel. ~ A broad band of L. papillosa occupies most o'f 

the calcareous substratum of the Laurencia Zone, and provides an 

understorey habitat for many sessile invertebrates <(l$e_., anemones) and 

motile*invertebrates (i.e., sea urchins and polychaetes)^ Landward'to 

the Laurencia Zone is the only animal-dominated community, the Zoanthus 

Zone. Dense colonies of the small green zoanthid, Zoanthus soclatas 

Ellis, and the large brown zoanthid, Polythoa variabilis VeTrill, are 

very prominent in sdnte locations (Sebe'n', -1977) while in others they are 

obscured by a" Laurencia canopy.- The Thalassia.Zone, whfch is dominated 

by Thalassia testudinum Korilg, is the most extensive. Sand-restricts 

the algae in the Thalassia meadow to psammophilic species (i_.e_., sand 

loving), as Penicillus capitatus Lamarck and Caulerpa cupressoides 

(West) C. Ag., or tb facultative^ epiphytes, as A. spicifera, Centrocerus 

.*'*» 
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clavulatum (C. Ag.) Mont, and Spyridia filamentosa (Wulfen) Harv. Some •* 

areas of the Thalassia Zone have large amounts of coral rubble, while * 

other areas have mostly fine sedimentsTand .sand as .substratum. Next is ' 

-the Acanthophora Zone, a zone sheltered from wave exposure.' The 

Acanthophora-Zone substratum consists of patches of coral rubble * ~" 
* c 

dispersed in a sand plain. A. spicifera, the predominant alga, grows in 

dense mats on an understorey of L. papillosa, which occupies most of the 

coral substratum. The landward edges of the Acanthophora and Thalassja 

Zones abut^a lagoon or spillway from which water is channeled"back to, ,, ̂  

sea. More* detailed information about Qaleta Reef and its species 

^assemblages is available in Birkeland et al. (1973), Earle (1972a), and 

Maclntyre & Glynn (1976). 

1.2 Morphology, and Terminology 
•/ 

\ 

A. spicifera is attached to the substratum by a large, irregularly 

lo'bed disc, from which many erect branches may arise (Btfrgesen, 
/ 7 

'" 1915-1920). Plants are sparingly branched to bushy, growing to 0.23 m 

tall. Main branches' are beset with short, determinate branchlets which 

are markedly spinose and arranged spirally with a 1/4 divergency 

(Borgesen, 1915-1920; Taylor, 1967 [Fig. 4a]). The main axis has a 

diameter of 2 to 3 mm from which branches emerge occasionally. Plants 

,are fragile and break easily upon handling. t , . 

Te'traspofangia develop In stichldial ramuli on-short determinate 
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Figure 4. Morphology of A. spicifera and L. papillosa.¥ 

ft 
* Determinate branches = branches of a smaller, more uniform size» (A) 

• ^ <* *.* 

A. spicifera, bar length » 3.8 mm; (B) &. papillosa, bar 

length = 2.$ mm. 

\ 
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Figure 4. (cont 'd) (C) Spineless branches of A. spic i fera , bar 
I 

length » 2 mm. 

w 



18 

v/ 

(C) 

/ 

< f 



* " 19 

branchlets (Fig. 5 ) ; tetrasporangla sometimes occur within the branchlet 

"itself. Spermatangial clusters are platelike, each developing from a 

trichoblast of which the basal cell persists:as the stalk of the disc 

(Taylor, 1967). Pericarps are stout-stalked and urceolate, and are 

subtended by a small spine (Taylor, 1967 [Fig. 5]). 

The recruitment of fragments into,the back reef depends upon the 
ft ' a 

chances of the fragments snagging and becoming attached to a variety of 

substrata. A "snagged plant" is any fragment? that is mechanically 

Interlocked with its substratum, as Opposed to an "attached plant «" that 

is bonded to its substratum. A combination of. tS$= branches and spines 
• I , 

mechanically snag A. spicifera to different substrata and then the 
f). ./LV' r ' " 

iranchlets of A. spicifera Attach to thef s,mbstTata .directly or produce 

one-to-several spineless-branches*(Fig. 4c). These spineless branches 

can either surround the contacted substratum or adhere to It by forming 
/v. ' [ 

a secondary holdfast. < 

Four different growth forms of algiaê  are recognized in this study: 

"individuals", "mats", "aggregates", and" "turfs". An "Individual" is a 

plant that produces one to several uprights (i.je., »any part of the plant 

above the holdfast) from a single holdfast (i»e«, area of thallus 

designed to act as an organ of attachment). In this*study, I also 

consider the basal 5 to 20 mm of' the thallus to be part of the holdfast 

because of Its darker pigmentation and greater thickness. Ideally, two 

adajteierit "individuals" of the same species rarely have overlapping 

• fronds. In contrast, a "mat" is a group of closely arranged 

"individuals" of- the same species whose uprights form a loose matrix 
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Figure 5. Fertile cystocarpic and tetrasporic plants of 

A* spicifera. (A) "cystocarpic%plants, bar length = 13 mm; (B) 

•tetrasporic plants, bar length * 17 mm. W 
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with little organization. "Mats" may form when uprights that lack a 
' 8 

ridged structure entangle and -,sometimes attach to each other. "Mats" 

may also form'from the accumulation of„ fronds in sheltered habitats. 

Many filamentous reds, greens, and browns that have been previously 

referred to in the phycological literature as "filamentous turfs" pr 

"caespitose species" comprise this category. The third growth form, an' 

"aggregate", is made up of a group of closely arranged "individuals" 

whose uprights are slightly ridged or cartilaginous. Aggregate-forming 

species produce a carpet of uprights of almost uniform size. 

"Aggregates" are consolidated by their interwoven branches or by 

specialized branches that grow horizontally into neighboring fronds. 

For example, L. papillosa (Fig. 4b) has branches that grow among 

adjacent,fronds and, when contact is made with hard substrata, are 

V 
capable of forming a secondary holdfast. Secondary attachment between 

C 

fronds within1 an "aggregate" is rare, because, of the typically slow 

growth of these fronds. The last growth form, the "turf", is a 

specialized form o£ "aggregate". With the removal or death of"the 

apical cfill, the upright branches are modified (i.e_., using apical 

dominance relea&e) to produce a dense cluster of terminal branches. In 
J. „ ' 

the Absence of disturbance, such species revert to the "aggregate" 
' 

growth form. .It has been suggested by Hay (1981a)„ that the turf growth 
form Is better adapted to tolerating desiccation and herbivory. 
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,_ - - 2.0 Materials and Methods * *. 

> - ? * * » . 

2.1 " I 'Study Sites'and'Sampling Periods ' ; ." 
" - ° - ^ * ' 

' . • - / - . 

Studies were done at Galeta Re&f from February 1979 to July 1980 " 

and from September 1981 to January 1982. The inital fieldwork 

' • documented: (i)- the abundance and distribution of reef-flat species; 

/ (il) the abundance of drift biomass; (Hi) the growth of A. spicifera in 

the Acanthophora.and Laurencia Zones; and (iv) the reproductive / 

phenology of A. Ispiclfera in the" Acanthophora and Laurencia Zones. 

Biomass sampling was concentrated in two reef-flat zones, 

Acanthophora and Laurencia Zones (Fig. 6)'.. The study site in the' 

Laurencia Zone consisted of a 20-m/X 50-m plot that was located away 

» « ' > 

from the major study area so as not to Interfere with ongoing 

S.T.R.I, studies. The site in the Acanthophora Zone (30-m X 50-m .plot) 

was established outside the channel of water that abuts "the laboratory. seawall, so as. to minimize any influences that^the construction of the 

laboratory or the causeway may have had on adjacent reef assemblages. 

Commencing in" February 1979 and continuing until March 1980, biomass 

sampling was also done"throughout the reef-flat to document the spatial 

distributions of A. spicifera, L. papillosa, and T. testudinum. 
J! 

The channeling of drift biomass into the mangrove and the subtidal 

regions was measured from locations on the downstream edge of the 

reef-flat. TJhe unidirectional flow of water over the reef enabled 

permanently fixed nets to be used. The sampling period began in January 
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Figure 6. » -Station locations on Galeta Reef, Panama 

(N-̂ no. » Drift Net; ® » Tide Gauges; C-no. * Colonization Station 

(Thalassia Zone); Bm * Blomechanlc Study Area; Ph = Phenology 

, p 

Transects;[] = Border to Laurencia or Acanthophora Zone Blomass 

Stations; ' = Drift Biomass Transects; A ** Temperature and 

Growth Stations; ̂  = Solarimetry Sensor; E * Exposed Station; 

'ME » Moderately-Exposed Station; S * Sheltered Station; BR * Back-Reef 

Station; A * Acanthophora" Zone Station; Tr « Thalassia-rubble Station; 

and Th = Thalassia Zone Station. 

*.. 
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1979 and was terminated in March 1980. 

From January 1979 to February 1980, the growth rate of A. spicifera 

fw&s measured In the Acanthophora and Laurencia Zones (Fig. 6,). At the 

same time, plants were collected for phenological studies along 

V / 

permanent transects, one transect in each of the Acanthophora and 

Laurencia Zones (Fig. 6). < i » _ '-

Coinciding with the"above studies, numerous short-term experimentV 

and manipulations (i«e.i less than three months) were done throughout 

the reef-flat to elucidate the fragmentation strategy of A. spicifera. 

From August 1979 to July 1980, rates of fragmentation and colonization 

•"of A. spicifera were measured under varied sea conditions and within 

different reef-flat habitats (Fig. 6). 

^ From September to December 1981, the emphasis of the study shifted 

,"to an evaluation .of the response of A. spicifera to wave action and 

aerial reef ̂ exposures, and>to examine the possibility of competitive 

interactions between A. spicifera and L, papillosa. Sampling was 

confined, to four ree'f,-flat stations which were located in a wave 

exposure gradient. They were labelled as: (I) the Exposed Station; (ii) 

the Moderately^Exposed Station; (ill) the Sheltered Station; and (iv) 

the Back-Reef Station (Fig. 6). 

- • • ' " / 
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2.2 Measurements -of Environmental Variables 

Water Temperature ^Maximum-Minimum) ^ - -

'""From June-1979 to June 1980, maximum and minimum water temperatures 

were measured, bnce 'monthly in the Acanthophora and Laurencia Zones. 

Taylor tf-shapfld maximum-minimum' thermometers, coated -with an epoxy resin 

and covered with: dark plastic to reduce fouling and corrosion in salt 

water,'-were $sed. The thermometers were calibrated In the" field against-
' > r " 
a certified laboratory-grade thermometer-.atid .secured by metal stakes^ 
X "' * - . ; > ' -
into pools (0.5-m. deep) which were.never without water. «" • 

i% V ' * v . "- .,.-%-,• 

Solarimetry , • ., ' 

' ** mm*} — 1 » ' » ' ' 
Measurements of solar • lrradiance' (g cal cm" h ,} .Ejrour January 1979 

v-. -'. * r~' 
' '' * 

to March 1980 were made available from the"Smithsonian Institute's 
Environmental* Science Program ^t-Galeta Point,1 "Panama, and were 

• " " " ' '.„'•"' '" - . <• 

collected continuously from over the reef-flat (Fig. 6 ) . These data 

•» > ̂  "—-2» — 1 '* ' * ^ 
1 "were converted to j c m d , according to Wetzel (1975).-

Tidal -Elevation and Aerial Exposure ' - r 

Measures of tidal elevation from January 1979 to December 1980 were 

supplied by the Smithsonian Instltiite Environmental Science Program at 

Galeta Point, Panama.. These data were used to show seasonal variations 

r 

*8&. H&wiiaNr *. 
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in tidal elevation and to quantify the frequency and peri.odicity of • 

exposures in the air'of the reef-flat. Variations in reef-flat 

elevation, tidal amplitude, wave exposure, and wind velocity make it 

difficult to predict the precise tidal elevation that would result in a,n 

aerial exposure- of the reef-flat (Druehl & Green,* 1982; Hendler, 1976). 

As conservative estimates, Hendler (1976), using the tide gauges at 

Galeta,' de* tier mined a tidal elevation of 0.30 m-to be the critical . 

exposure level of a Laurencia Zone and 0.25 m to he.that for the middle 

Of the«reef-flat, Several spot readings of the tidal gauges were taken 

at the time of reef exposures arid found to concur with Heridler's (1976) 

estimates. For the Acanthophora Zone, 0.24 m was determined from spot 

readings as the critical exposure elvation. 

* e 

Wave Exposure and Current Velocity. 

"*• ' ' 

Wave exposure^ was measured from four stations on the reef-flat: the 

Exposed; Moderately-Exposed; Sheltered;, and Back-Reef Stations (Fig. 6). 

Two methods were employed. The first method employed a dynamometer 

developed by Denny (1983), which was modified to measure the force 

exerted on a 2.54-cm diameter sphere (Fig. 7)* Measurements were taken 

daily over/a fort-night at the seaward edge of the Laurencia Zone-, • ~ 

beginning On 28 November 1981. The second prpcedure made use of a 

Marsh-McBirney Multidirectional Electromagnetic Water Current Meter 

(Mpdei 511) coupled to a portable chart recorder. At each station, 

water velocity was noted a~t one-minute intervals for a 15-minute period 
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Figure 7. A construction diagram of the wave force dynamometer, 

modified from Denney (1983). (A) Top view with the top plate removed to 

show the slider and rubber bands. Dashed circle shows the position of* 

the holes cut in the lower plate through which the scriber extends; 

dotted lines show the position of the grooves in the basep of the slider 

and in the housing base. (B) Side view of the section made through the 

line a a in panel A. -* 
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and" theî  averaged. Water velocities were taken during moderate.sea 

conditions and were displayed relative to incoming waves by vector; , 

diagrams. On 5 December 1981, current velocities were measured at 

numerous locations on the reef-flat to describe the flow of water over 

the reef platforri^ • - - " 

Fore.Reef Topography 

The elevation of the Laurencia Zone was measured relative to tide 

gauges at Galeta Reef, using standard levelling procedures. Reef 

elevations were recorded along transects perpendicular to incomimg waves 

at.the'Exposed, Moderately-Exposed, and Sheltered Stations. v 

Substrate rugosity, described by Luckhurst & Luckhurst (1978) as a 

measure of actual distance relative to lineaT distance (similar to 

"fractal dimension"; see Willison, 1982), was measured to demonstrate 

v 
subtle differences in the surface topography in the Laurencia and 

Acanthophora Zones. Substrate rugosity measurements were made using a 

2-cm linked, 13-m long brass chain. The chain held taut measured linear 

distance, while the brass chain, conforming to the terrain beneath, 

measured actual distance. In this instance, substrate rugosity was 

defined as: 

S.R. - 1 - Chain Length Over Substratum 

13 m ' ' 

Values approaching zero show the greatest surface relief. Surface 
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profiles were measured in the Acanthophora and Laurencia Zones, with 15 

transects in each zone. > 

2.3. The Fragmentation of A. spicifera 

Spatial and Seasonal Distribution and Abundance 

•y 

Seasonal variations in algal and seagrass abundance were sampled 

along 32 stratified random transects that were located in X,Y coordinate 

space (Fig. 8). This permitted an accurate record of the abundance and 

distribution of major reef-flat assemblages. Every 10 m of transect was 

divided initially into 20 potential sampling locations that were, 

assigned numbers randomly from 1 to 20. In increasing order of 

occurrencet each number was then designated as the location for a 

monthly sample, beginning in February 1979. This insured a random 

sampling design with no overlap in location. One sample, consisting of 

the contents of a 3iJ51-cm diameter'core, was taken monthly from each 

10 m of transect, sorted to species, washed In fresh water, and dried at 

90 C to constant weight. About 200 cores, were sampled each month for a 

14-month period. Hereafter,- I will refer to this study as the Reef 

Biomass Study.. In addition, 100 samples collected from a 30-m X 50-m 

plot in the Acanthophora Zone, and 50 samples collected from a 20-m X 

50-m plot in the Laurencia Zone were similarly sampled. Here, 20 
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t 
Figure 8s Transect numbers and X,Y coordinates used in the 

Reef-Biomass Study. Each mark indicates a location of a biomss sample 

(February'1979 to March 1980)." , . 

V 
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potential sampling locations were assigned randomly for every 5 m of 

transect along 10 Acanthophora Zone and 25 Laurencia Zone transects. 

In September 1979, dry-weight to wet-weight conversions were 

obtained for A. spicifera and L. papillosa from 15 samples collected in 

the Acanthophora Zone. Specimens were held in seawater tanks, removed 

and blotted dry with absorbent towelling, and weighed on an analytical 

balance. This procedure was repeated five times, each time returning 

the alga to seawater.' The plants were then dried to constant weight at 

90 C after a fresh water rinse. 
ff \ * 

Vt, ) . 
i *t 

Drift Sampling . , 

*, **} 
•> • » 

* Drift materials leaving the'reef were collected continuously\ in 

five nets. Permanent nets consisted of an upstream, 0.91-m high X̂j 

0.46-m wide, P.V.C. framed opening and a downstream', 0.25-m diameter 

opening, joined by 2-mm Vexar Netting (Fig. 9). A removable 0;75rm X 

1.25-m nylon bag (2-mm mesh) was attached to the, downstream end and\ 

" • >• " '. . > 
emptied weekly or more often if full. 

* j« 

* Materials from .each net were subsampled. The contents of a net 
^ . -'"/> *• 

were first mixed before-being emptied intio ,30 to 60 (0.13-m X 0.13-m x 

0.20-m tall) containers. Four containers were randomly selected and 

sorted to species. All remaining materials and sorted aliquots were 

rinsed in tap water and dried̂ t'to constant weight at 90 C* 

To determine the size of the sampling area and the efficiency of 

samplers, marked tags were released from two areas: an outer tfansect 
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Figure 9. Drift Sampling Net. (A) Close-up of permanently 

fixed net (0.91-m high X 0.46-m wide) and the removable nylon 'bag (B) 

Two nets at high water. 
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located in the Lautencia Zone, and.an inner transect found about midway 

between the Laurencia Zone and the nets (Fig. 6)« Tags consisted of 

2 ' « " 
45 mm pieces of fluorescent Surveyor's Tape.' About 10 tags were 

* 
released fo'r every meter of transect. This procedure was repeated under 

varied sea conditions.to insure a close estimate of sampling area and 

sampling efficiency. * 

The biomass of A. spicifera and L, papillosa removed from the reef 

,1 w.ks calculated monthly by multiplying the proportion of each species 

u from subsamples times the total biomas's in each net, and summing these •' 

values over the five nets and the one-month period. The biomass for 

- each species removed per unit area of reef was.' estimated from the , , 

biomass collected in nets, the area sampled by the nets, and' the monthly 

occurrence of a species in the drift-sampling area. 'To estimate the 

percent occurrence of an, alga in the drift sampling area, samples.from 

• the Reef Biomass Study were used but confined to the drift sampling 

area. The reef area occupied by a species was estimated from the 

product of its percent occurrence in the drift sampling area times the 

total area (m ) sampled by the nets. Dividing the species biomass 

..removed from the reef by the reef area occupied by that species, the 

.drift biomass *was standardized to a one square meter plot- ' * 

3 
< 

/ 
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Growth 

Monthly Determinations 

From January 1979 to Februar^it980, the growth of 30-mm apical 

fragments of A. spicifera was measured each"month over a one-week period-

in the Laurencia- and Acanthophora Zones (Fig. 6). Twenty fragments 

collected from the Laurencia Zone were placed into enclosures and 

measured for Increases in length. Enclosures consisted of envelopes 

(0.15 m X 0.20 m); one side was made of 1-mm mesh cotton cloth, and the 

.other of a clear, 1.5-mm thick, vinyl plastic through which numerous 

3̂ .4-mm diameter holes were drilled. Two enclosures were used in each 

zone and secured into depressions always open to seawater at a depth of 

0*.5 m. , 

Reciprocal Growth Experiment 

In"¥ebriiary and August 1979, the growth of apical fragments of 

A* splfclfera> collected from the Acanthophora and Laurencia Zones, was , 

measured-to determine if growth was independent of collection location. 

Fifty apical fragments (30 mm in length) from the Acanthophora Zone were 

separated into two ̂ qual groups, placed into enclosures, and outplanted 

into the Acanthophora and Laurencia Zones. An additional fifty 

fragments of- A. spicifera froia the Laurencia Zone were treated in a 

similar fashion. After>fehe one-week period, the increase in the length 
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of all fragments was determined. 

Morphology 

Morphometric and meristic data, acquired from fronds of 

A. spicifera and L. papillosa In the Acanthophora and Laurencia Zones, 

were used to examine species- and habitat-specific differences in 

morphology. Twenty randomly located quadrats (0.15 m X 0.30 m) were 

harvested for A. spicifera and L. papillosa from 26 September 'to 1 

October 1981 in the Acanthophora Zone and from 29 October to 5 November 

1981 in the Laurencia Zone. All fronds in the quadrat were collected. 

The choice in sampling period maximized the time that A. spicifera and 

i* papillosa were not affected by periods of aerial exposures. The 

fronds were measured for numbers and lengths of branches. These data 

were later analyzed for branching structure using the two principal 

methods to number branches in a branching system: centrifugal and* 

centripetal labelling (Uylings et al.,' 1975). 

Botanists have traditionally ordered trees centrifugally by 

assigning order no. 1 (i.e., lst-order branch) to the main stem and .' 

increasing order numbers in consecutive lateral branches (Wilson, 1966). 

In this instance, lst-order branches originated at the main axis 

(Fig. 10). The "Botanical Method" permitted the assessment of branching 

complexity and compactness. Branching complexity was assessed from 
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Figure -10. . " Botanical and Strahler Methods qf numbering 

branches in a branching system, i* = lst-order branch, 2 =• 2nd-order 

branch^ 3 = 3rd-order branch, 4 = 4th-order branch, la « first'lst-order 

branch; lb = second lst-order branch; lc =* third lst-order branch; 

2a » first 2nd-order brandh on the'first lst-order.branch;, 2b-"""second 

2nd-order branch on the first lst-order "branch; drid 2c * first 2nd-order 

branch on the second lst-order branch. ,' ' 



BOTANICAL METHOD 
(MODIFIED) 

STRAHLER METHOD 
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'several different forms of measurement: the numbers of different types 

of ordered branches; .the percent composition of different ordered 

branches in the population (i.e., 1st-", "2nd-, 3rd-order, etc.,); and the 

average number of branches at each order of branching. Measurements of 

branching compactness consisted of: (1) the distances from the holdfast 

to lst-ordered branches; (ii) the distances from the main axis to the 

first 2nd-order branches; (iii) the lengths of lst-order branches; (Iv) 

the lengths of 2nd-ordered branches. . 

The second method of labelling branches, the "Strahler Method" 

(1953), is a centripetal ordering system: ordering begins at terminal, 

distal branches, and order is increased when two branches of equal order 

meet (Fig. 10). This method evaluated how the algae projected their 

branches into the water column. The lst-order branch length (the 

distance from a terminal branch to the holdfast) was measured for all 

indeterminate branches comprising a frond, 
i 

Biomechanics of. Breakage ' , 

In Vitro Study 

The breakage method of fracture by tension was used to measure the 

strength of A. spicifera at different locations on the thallus. Plants 

were secured with Velcro cloth to the arm and base of a pendulum 

balance. Lead balls of between 0.5 to 1.0 g were added every 20 to 

40 seconds to the opposite end of the balance until breakage occurred. 
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Four different locations of breakage were assessed: (I) along the main 

axis- of a branch; (ii) along the main axis of a branch adjacent to the 

.holdfast; (Hi) at a branch node when the holdfast and branch apex were 

secured (abaxial angle); (iv) at, a branch node when the apices of the 

main axis and the branch were secured (branch axil; Fig, 11). The mass 

necessary to cause breakage and the frond diameter at the breakage point 

(measured with vernier calipers) were recorded for 50 fronds at each of 

the four -locations mentioned above• For comparative purppses, branches 

°f If papillosa were also examined along their main axes, as in (i) 

above. ' 

In Situ Study " 

Plants of A. spicifera of known size and branching pattern were 

outplanted into tme Laurencia Zone to determine if breakage was 

independent of thallus location. A. spicifera that were growing on 

coral fragments w«TJ collected from the Thalassia Zone. The size and 

pattern of branching of each plants were traced onto plastic slates, so 

that any plants losing branches, when placed back onto the reef,*"w*ere 

detected. Coral fragments containing these algae were secured by metal 

stakes into the Laurencia Zone (Fig. 6). The algae were then examined 

in the laboratory for losses at one-, four-, and six-day intervals. 

Into both calm and moderate seajs, 40 plants were' noted for: (i) the 

sizes of fragments broken off a plant; and (ii) whether the location of r 
the break occurred at a branch node or Internode. 
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Figure 11. Mechanical Measurements of Breakage. Position of 

——.- 4 "* algal attachment to pendulum balance when measuring the force required 

to cause breakage ofr^CFl) the main axis near the holdfast; (F2) the 

main axis; (F3) the branch node when the the distal ends of the main 

axis and branch are secured; and (F4) the branch node when' the holdfast 

and the distal ertd of the branch were secured. 

"> 
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Frond Survivorship 

/ 

.The survivorship of A» spicifera was examined by tagging between 20 

and 30 frond's in each of six permanent plots. Two plots were located at 

each of the Exposed, Sheltered, and Back-'-Reef Stations. -Fronds wete 

tagged with 5-cm long plastic coated "twist ties" that were loosely 

secured between branches and whoafe identity and number were maintained 

throughout the study. " Brand! losses were monitored twice weekly for a 

4-month period from 19 September to 18 December 1981, under both wet-

and dry-season conditions. Data were analyized using the Biomedical 

Computer Program for Life Table Analysis at Dalhousie University 

(Anon., 1980). To assist in interpretation, Lethal Exposure 50 % 

(LE ), the time required (days) to lose 50 % of the originally tagged 

fronds, was calculated as: 

LE50 • (ti - V + IllHL 
S JV 

where (t., t. ," ,) is the interval for which P. > 1/2 and P. , , < 1/2;' 
1 1 + 1 I — 1 + 1 

(t ) is the time at the beginning of the first interval; (F.) is the 

death-density function; and (P.) is the estimate of the cumulative 

proportion surviving to the beginning of the i th interval. Also, the 

mean survivorship period (p) was calculated as: 

i> 
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N 

where P(t) is the cumulative survival at each unique time of death. 

Depletion curves were tested using an exponential scores test (or Savage 

statistic) proposed by Mantel (1966)£ For further information-consult 

B.M.D.P.-mannual (Anon., 1981). v 

The percent cover of A. spicifera WOT measured along with 

survivorship from four 0.3-m X 0.5-m permanent quadrats, located 

adjacent to the survivorship stations. Each quadrat was^divided "into , 

20, 0.05-m X 0.15-m subsections that were visually estimated for 

Acanthophora coverage. The mean coverage of 80 subsections defined the * 

percent cover for the station. ' V 

Phenology . \ 

From January 1979 to February 1980, seasonal and spatial * 

information on the reproductive phenologies,of A. spicifera and 

/-L. papillosa was" collected. From a permanent 30-m transect in the 

Acanthophora Zone, 90 fronds (3 groups of 30) were collected in a 

stratified random manner (30 fronds for every 10 m) every fortnighty 

Similarly, an additional 90 fronds were collected from a transect of 

similar length in t;he Laurencia Zone (Fig. 6). Plants were categorized, 

by reproductive phases (male, female, tetrasporic),' mounted on herbarium 

paper, dried, and jdeposited at- the National Research Council of Canada 

Herbarium (NRCC) in Halifax. To Increase sample size, reproductive data 
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were lumped into monthly intervals (i.e., six samples o& 30 plants for 

each location). 

Colonization 

Acanthophora Zone 

The recruitment of Acanthophora fragments into the Acanthophora 

Zone was examined twice weekly from 10 September 1979 to 22"October 1979 

and from 23 January 1980 to 6 March 1980. Six plots (0.3 m X 0.5 m) 

yere chosen randomly in the Acanthophora Zone and cleared of , 

Acanthophora plants to expose a Laurencia understorey. Around each 

site, a border of 0.50 m was similarly cleared of A. spicifera to serve 

as a buffer zone. Fragments of A. spicifera that were recruited into 

cleared plots and exceeding 30 mm in length were collected and measured 

for overall length. Smaller fragments were collected but assumed to be 

residual plant material and discarded. k 

Thalassia Zone -

\ 

To test the substratum preference of"fragments of A. spicifera and 

to examine how wave action influenced the colonization of these 
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" S^I fragments In the Thalassia Zone, coral rubble and L. papillosa were -

transplanted into Thalassia beds and examined for fragment -.recruitment. 

Five stations (I-V) were selected in the Thalassia Zone ̂ £at 

represented:'(1) an exposed fore-reef location; (ii) a. sheltered 

fore-reef location; (lli-v) three back-reef locations (Fig. 6).. Each 

station consisted of three adjacent square-meter plots of: (1) 

T. testudinum; (ii) _T. testudinum with coral rubble; (ill) L. paplllosa. 

Ii* papillosa was placed, into the Thalassia meadow by removing - a square 

meter of T^ testudinum and by placing the hard substratum to which the 

L_. papillosa was attached Into the sediments. Neither the added coral 

rubble nor the L. papillosa represented an obvious obstruction for the 

current flowing through the Thalassia meadow. After four months, plots 

were scored for the numbers of fragments present. Two hypotheses were 
4 • 

tested: (1) whether fragment colonization was independent of substrate; 

(ii) whether fragment colonization was independent of station location. 

The experiment commenced 17 September*1980.t 

^ 
Fragment Snagging and Attachment 

Species and Habitat Comparisons . \. 

The .snagging 'of 8- to 10-cm fragments of A. spicifera was measured 

/ ' 
in different current regimes and reef habitats. Between 20 and 70 t 

' \ \ - • 
fragments .marked wlthVacetate tape were released individually Into three 

_ \ ' * . " -i 
different current velocities (about -0.06, 0.18,'and 0.24 m s ) from 

•>«••*•- * •*mK*m*m&ikimMtiihi\ 
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staVting positions in xthe Acanthophora and Thalassia Zones and in a 

Thalrasia-rubble area (Fig. 6 ) . Marked fragments were noted for the ] 

distance travelled befdre snagging (i.e.., remaining in the same ̂ posieiory 

for greater than five minutes)^and for their presence or absence after 

•72 hours. For comparative purposes, L.. papillosa fragments were 

similarly evaluated in the* Acanthophora"Zone at current velocities 'of 
• » ; < ' • ' 

• -1 
about 0.06 and 0.24 m s . 

• V 
thmeht 

Sates of Attachme 
~ " ' - - - ' • ' ' ' . • * - . 

' ' " ' . . - • ' > % 

•' i • '* ' ' I ' 
. \ \ • 

n The .rates to which A. spicifera attached to another'frond of * 

A. spicifera or to L. papillosa, T.^,testudinum, or Porltes-rubble were 

determined. For each combination, 40 pairs of plants were examined * 

dally for attachment (i.ei>, the physical bonding of-two fronds) over a ' 
» - i -

5-day period. The bases; of each pair of -plants were wrapped together 
with foam padding and fastened to 1.27-cm Vexar Netting -(Fig. -12)* Such 

'- ' " " 
an arrangement of plants insured close contact between'species pairs* 

•k * 

The Vexar Netting ̂ as the,n ̂ secured Into the Thalassia Zone by metal • 
,• . . * » 

stakes. ' * • . A . ' 

, * 

> < , 

• -•«•*>.•" wwiWIMfcwlDU^rifc-nfe»» . ' 
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* i ' 
Figure 12. Illustrated usage of vexar'netting^and £pam padding 

to pair fragments of A. spicifera with different substrata. The percent 

attachment .(i.e., the physical bonding jof two species) was noted each 
t 

day fr,om 40 plants otf A. spicifera paired with' A. spicifera, 

L. papillosa, »T. tes'tudlnuffl, and Porltes-rubble. Bar'length - 33 mm. ^ 

\, 
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2.4 The Maintenance and Persistence of A. spicifera 

Seasonal Variation in Laurencia papillosa Biomass 

, L. papillosa is the most abundant species on the reef-flat at 

Galeta. Its importance to A. spicifera will be shown to be ' 

unmistakable. Accordingly, the Information on the seasonal abundance of > 

L. papillosa in the Acanthophora and Laurencia Zones was collected. 

Procedures were the same as thosfi described previously for A. spicifera 

(see Spatial and Seasonal Distribution and Abundance). 

Aerial Exposures ' 

v 

Dlytime Tolerance 

The susceptibility to aerial exposure of A.'spicifera was measured 

.by simulatlng-frthidday reef-flat exposure. -Starting at midday, 45 

f^nde (5- to ̂ -cm in length) of A. spicifera were collected from the* 

field, placed on^p a damp slab of .coral rubble, and allowed to dry In 

direct sunlight for either 15, 30, 45, or 60 minutes. Fifteen fronds 

were collected at each time interval, returned to seawater, and measured 

for apparent photosynthesis (net photosynthesis") and respiration after 

24, 72, and 96 hours. Fronds collected from the field and not exposed 

•>in the air served as .controls. 

The apparent photosynthesis and respiration of A. spicifera were 

« Mwr-j Jl^JwV, 
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measured in 1.19-*1 bottles in a Puffer-Hubbard Dni-Therm Incubator 

equipped with nine Sylvanla cool-white fluorescent tubes. Bottles were 

filled with seawater collected in the early morning hours (0500 to 

0700 h) to insure that seawater was unsaturated with oxygen. Fragments 

o N -2 -1 

were incubated for one hour at 27 C, and at 180 pE m s , and were 

agitated by mixing the seawater at a constant rate with magnetic stir 

, bars. Oxygen determinations were made with a Yellow Spring Instrument 

Company (Model 57) Oxygen analyzer electrode. Apparent photosynthesis 

was expressed as mg 0„ g (dry wt) h . In bottles filled with 

seawater only, phytoplankton production was noted and subtracted from 

macro-algal production. , Throughout the procedure, the recommendations 

of Littler (1979) were followed regarding the importance of container 

volume, thallus weight, oxygen tension, and water motion. 
1 

To compare the resistance of A. spicifera and L. papillosa to 

aerial exposures, 12 fragments of each species were simultaneously 

,' exposed on a partly cloudy day (50 % cloud cover) for 30 minutes at 

a 

1200 h on a damp piece of coral rubble. After exposure, fronds were 

placed into seawater tanks. An additional 12 fragments of each species 

that were not exposed in the air served as controls. Apparent 

photosynthesis was then determined for all fragments after 24 hours. A 

recovery period of 24 hours ensured that measurements of apparent 

photosynthesis reflected actual damage to the alga, rather than 
i 

short-term eff-ects immediately caused after injury. 

"*» ^hMmO^^i^n*^.^ 



m 
56 

Nighttime Tolerance 

^ In addition to daytime exposures, nighttime exposures are common in 

late wet-season (August to October)'. Accordingly, the susceptibility to 

aerial exposures of A., spicifera during the night was assessed from two 

0.4-m X 0.3-m X 0.1-m deep "mats" collected from the Acanthophora Zone. 

One "mat" was elevated out of the water on the reef-flat at 1900 h and 

returned to^seawater (i.e., seawater tank) the following day at 0700 h. 

For a control, the second "mat" was placed into a seawater tank with 

running seawater at the beginning of the experiment. Six to 10 fronds 

were selected from the surface and underlying areas of each treatment 

and measured for apparent photosynthesis after 24 hours (see above). In 

the experimental treatment, fronds found on the surface of the "mat" 

were further categorized into partially and severely desiccated; when 

collected from the field, severely desiccated fronds appeared black and 

dehydrated, while partially desiccated plants were normal in appearance. 

"Individual" versus "Aggregate" ' 

In the Laurencia Zone, A. spicifera grows'"as an "Individual" within 

the "aggregate" of L. papilloma.. In doing so, "individuals" may be able 

• * > 

to increase their resistance to withstanding aerial exposure. Because 

"individuals" of A. spicifera within L. paplllosa "aggregates" could not 

be collected in sufficient numbers or without destroying the integrity 

of the "aggregate", comparisons of aerial exposure resistance were made 
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between "individuals" and "aggregates" of L. papillosa. "Individuals" 

of L. papillosa could then be compared with those of A. spicifera, which 

then could be related to the "aggregate" growth form of L. paplllosa. 

An "aggregate" of L. papillosa was collected on a single piece of coral 

2 » ' 
rubble (0.5 m ) from the Laurencia Zone and pruned so that 24 single 

*. -. 

fronds were isolated within cleared patches from the rest of the '- . 

"aggregate". Of the*fronds removed to form these"clearings, 12 fronds,, 

were placed into seawater tanks to serve as controls. Hence, the fronds 

used as the controls and those exposed in the air all came from the same 

"aggregate". Fronds were exposed in the air by elevating the piece of 

coral rubble just out of the water. At 15-minute intervals for the 

first 45 minutes, six fronds of L. papillosa ("individuals'f) were 

collected. Similarly, at 15-minute intervals for the first hour but 

then "hourly for the next four hours, six fronds from the "aggregate" of 

L. paplllosa were sampled. After exposure In the air, fronds were 

placed Into seawater tanks and measured for apparent photosynthesis 

after 24 hours. 

Photosynthetic Partitioning 

Hay (1981a) found differences in apparent photosynthesis and 

respiration between uprights and holdfasts of threoBprf-forming algae, 

and concluded that the holdfasts acted as "resistant stages" beaause of 

their lower energetic costs. Similarly, the same mechanism could be 

operating in algae that grow as "individuals" or "mats". Hence, 

/ . . . 

• V 
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apparent.photosynthesis and respiration of holdfasts and uprights of 

A. spicifera were examined. Twenty intact plants were collected and cut 

with a razor blade to separate uprights from holdfast. The darker 

pigmentation of the holdfast permitted*It to be easily distinguished 

from its uprights. Specimens were held for 24 hours in seawater tanks 

before measurements of apparent photosynthesis were made. „ ' 

Holdfast versus Upright^ Tolerdnce . 

If the holdfast of A. spicifera is a "resistant stage", then the 

ability of the holdfasts to-withstand aerial exposures should be" 
v 

significantly greater thaa-that of their uprights. About 100.plants of 

A., spicifera each possessing both holdfasts and uprights- were exposed to 

direct sunlight between 1200 and 1245 h, (i.e., the period of time 

previously determtttpd to kill all uprights of. A. spicifera). Prior to 

the initiation of the experiment, plants were pruned" so that light was * 

distributed evenly over the thallus. After exposure to air, thalli #ere 

returned to* seawater tanks, cut with a razor blade to separate uprights 

from their.holdfasts, and examined for the presence or absence of.new 

branches after three weeks. 

i 

±&-a*. •&# #w*ti\if*mKivM'i<ittoi<imi!Mtnm«w'*v«t08itM+*Z-
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Competitive Interactions 

Fore-Reef Biomass 
«i 

, Biomass samples were taken at the Exposed) Moderately-Exposed, and 
* . . \ '* ^ 

Sheltered Stations. , Transects perpendicular to incoming waves werg 

sampled for blomass in»a uniform manner;'one sample was! collected from" 

every 0.5*m of-transect.. To increase.sample size, twoJkdditional 
samples-were taken 0.5 m to the right and'left of the initial sample. 

These samples defined the abundance and spatial distribution of 

\ . spicifera^ and L. papillosa at each ofĵ the wave exposure stations. 

Upon determining the location"where.the biomass of A. spicifera was most 

*
, . . . , . " • • % - ^ ; * -

ant (i.e.,' "center of.distribution*');'a 10-% transect'parallel t9 , 
« * * 

incoming waves wa,s sampled for blomass in a stratified random fashion;. 
* % 

one sample wajs "collec'ted^randomly'from .every 0.5 m'-of (transect. Biomass 
- " * 1 ' 

samples were then treated as previously described^see Spatial and 

Seasonal Distribution and Abundance). | ^ 

Biomass samples. (Febraary 1979 to March 1980) collected from the 
Reef Biomass Study, but restricted to the Laurencia Zone and to the area 

- .̂' *. * ' ** *_ 

Adjacent to the Expised, Moderately-Exposed, and Sheltered Stations,,. 

rs^ were examined for the degree of association between >A% spicifera and 

•% . i . . *L. >papillr>ga. The usuil test for association, the X t/»st for • ', 

independence in a 2 X 2 table, was done following the procedures 6f 

r' • ",' Pielou.'(i974). Using this Method, two-plants are* aaiitto. bje, positively 
f '- ' ' * ' V ' * ' * 'A 
* \ ' ' " associated "if "the presence of bn# species in any sampling p|ot aak«* it 

* 

'I. . : . / 
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more likely that the other will also be found". The sampling area 

around'each station was defined by transects 5 to 10 at the Exposed 

Station, by transects 20 to 25 at the Moderately-Exposed Station, and by 

transects 28 to 32 at the Sheltered Station (Fig. 8). Because of the 

large number of samples containing neither A. spicifera nor 

L_. papillosa, a negative association between the species was not 

possible. The large number of samples containing neither species was 

the result of sampling the entire "Laurencia Zone and including samples 

collected during periods of aeriaj. exposure, when algal^bioriass was at a 

minimum. 

Apparent; Photosynthesis ** 

The rates of apparent photosynthesis of A. spicifera and 
# — • 

** ' * * o o 

L_. • papillosa were compared at temperatures ranging from 20 to 40 C. 

* '- Thalli were exposed gradually, starting at 29 C, to increasing or 

/ I decreasing water temperature (5 C every hour), and sustained for one 

-A, *• » > . . -
hodr at the desired temperature,,before beginning the incubation period. 

'*, » Two groups of fronds were used: (i) fdr temperatures higher than 29 C; 
' " ' ' '"* " o ' 
, and (Id), for those loweis than 29- C. Apparent photosynthesis was 
determined as previously desj^lbed for six..replicates at eadh • ' 

, . . - . - . % * * - i, . - « 
- I • \ • 

* V temperature. ' - . * " . " • ' 

' "The apparent photosynthesis- of A. epft;ifefa and L» paplllosa wai 

"measured "in"different light intensities outdoors in'a transparent water, 
- . * • * . * • , " • * * 

* ' bath which was fitted with magnetic stirrers and neutral density ,, 

^ 

>* • 

>, 
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filters. Photosynthetically active- light was measured every five 

minutes with a photometer, while temperature was maintained between 28 

and 29 C in a water bath. Six replicates were used for each one-hour 

incubation period. The mean apparent photosynthesis was then plotted 

against the average light intensity for each incubation period. 

The rates of apparent photosynthesis of A. spicifera and 

h" Paplllosa were measured over daylight hours (0600 to 1900 h ) to show 

the rates of oxygen production of the two algae under light and y 

temperature combinations found on the reef-flat. One-hour incubations 

similar to those previously described were performed; flasks,' however, 

were kept in a water bath that was continuously supplied lagoon water, 

and were agitated with a magnetic stir bar sat 15-minute intervals. 

Water-bath temperature and available light were measured every 

15 minutes. .. . -

» 

Overgrowth 

Algal Size 

The size of A. spicifera and L. papillosa. plants (the distance from 

the>highest apical tip-,to the holdfast) were meaaiired at the 

Moderately-Exposed Station following a period of aerial exposure. After 

about one week of continuous water cover on the reef-flat, plants*of ' . 

A. spiclferj.and those of L.' papillosa growing beneath A. spicifera we're* 

collected from 20 quadrats (0.15"m X 0.30 m), randomly selected from 
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areas dominated by A. "spicifera. All plants within the quadrats were 
* " " • " " II i i I I . 

used until approximately 100 plants of each species were collected. 

Similarly, an additional 100 plants of L. papillosa found nearby but not 

associated with A. spicifera were collected and measured. After five, . 

weeks the procedure was repeated-. However, as a clear separation 

between plants of L. paplllosa"growing nearby and in association with 

A. spicifera could not be made, only the overall leng.ths of A. spicifera 

and L. papillosa were compared. Sample size was increased to about 200 

fronds of each species. Plants were sampled initially on 10 September 

1981 and later, on 15 October 1981. 

Transmitted Light . " ' ' . r 

/ . 

A. spicifera and L. paplllosa were observed to overgrow each other-

frequeajily. In doing so, the overstorey species restricts light to the 

understorey species. To examine the reduction in light through the 

' ,'v 

overstorey species, "mats" of A. spicifera and "aggregates" of . " " ' 

L. papillosa were collected from the reef-flat. At the Exposed, 

' Moderately-Exposed, Sheltered, and Back-Reef Stations, two or three 
* . i 

"aggregates" of L_. paplllosa were removed with a razor blade from the 
substratum, placed onto a glass pane^and measured for- percent light 

s . - '" * « ~ ~ N - ~ * -

transmittance with a photometer. Similarly, "mats" of A. spicifera. were , , 
• ' ' ' ' • ' * ' - • ' ' ; 

collected and'measured from the SheJ-tered and Back-Reef Station's.---An1, , 

" Attempt was mad6 to .select "mats" and ."aggregates" typically foyawat,; , '" i . . * 

*eactr of the stations. 

# 
. ' 'S > 
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Removal Experiment • $. 

With dense 'mats" of A. spicifera covering L. papulosa In the 

Acanthophora Zone, the growth bf Laurencia may be reduced significantly, 

six plots (0.3 m X 0.6 m) were selected in the Acanthophora Zone to 

•teriine- if the "mats" of A. spicifera,inhibited the growth of 

L.ypapillosa. Stations were selected away from biomass transects and,at 

* locations where the cover of A., spicifera was uniform. The assumption 

was, made that the biomass of L. papillosa beneath the canopy of 

* ' I **' 
- A; spicifera was also -uniform throughout the plot.* Prior clearings of 

'* . * i 

' A, spicifera in the Acanthophora Zone gave credibility to this 

assumption. One-half of each plot was then randomly selected by a toss 

of a coin'and removed of all A. spicifera on 2 September 1979. For six. 

months, t%e L. papllj-osa 4n.ttie cleared plots wees maintained free from 

A. spicifera. Then, both halves of -the quadrat were harvested and 

* compared for differences in the biomass of t. papillosl'. . , 

Holdfasts'versus Uprights 
.* . 

To determine if survivorship In low light intensities? was 

independent- of ̂bhfilliia Iqcjtflon;;" individuals of A. spicifera possessing 
"*t\ " ' "\*+\ i . ' v * * , - * : . . ' ' ' , . ,*** • 

i - "suprights and'thelV^Jtoldfasts were subjected to:" (O-total darkness In 

,;£ • • - . - * - * • ' • 
* •> * • 0.09-m diameter'X:0.16-% tall vessels filled .with aeawatar; (id) total 
.', " '̂ : '"-'-•-*' '•V* "-.,...'/* - - '" v: * ' . " ^ ; -

- ' dlrkness in two vessels., (0^09-m diameter X 0.16-«a tall)- with seawater 

- pumped through ̂ the vessels*at a two- to'three-minute turnover rate; I V . • * * -
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(ill) low light Intensities beneath four "aggregates" of L, papillosa 

that were fitted, to the, open sides of four darkened vessels 

(0.09-m diameter X 0.08-m tall), submerged in seawater just helow 

surface level, And sprayed with a jet of seawater. Each treatment 

.involved the use of 30 to 50 plants. Seawater temperature remained 
- i . 

' between 26 and 29°C throughout the experiments'. After 24 hours °in 
- ' *- . • 
treatment one;, and two weeks in treatments two and three, fronds were 
1 

removed from their containers, sectionediinto uprights and holdfasts, 

placed Into dutdoor seawater tanks, and examined for new branches at the 

end of three weeks. > * 

/ 

"*f" 

»l* 
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3.0 RESULTS 

3.1 Measurements of Environmental .Variables 
* • . • * 

Water Temperature (Maximum-Minimum) * 

K t , 

II v ' •» • ' 

* • *** 

Seawater temperature ,varied between reef-flat locations, with monthly 

maximum and minimum temperatures generally^occurring in the Acanthophora ' 

Zone rather than in the Laurencia Zone (Fig. 13). ' Temperatures In the 

Acanthophora Zone ranged from 23 to 37 C, while "those ^n the Laurencia 

'Zone ranged from 25 to'37 CI From December to April £dry season), 

minimum temp#ratures occurred^ when solar irradiance was at a minimum and 
* # 

•when wlrid-generated waves pushed cooler offshore.watefs onshore, i 

Conversely, maxlraua^temperatures coincided with wet-season aerial . 

exposures that occurred from May to November. 
i ' . 

Solar imetry v. . • 

Maximum solar irradiance occurred from January to April and minimum 
s> ' 

irradiance occurred from June to November. "In 1979, March.had the 
, * * . [ - . • * -

' 3 — 2 -*1 
highest daily average of solar Irradiance (2.J9 X IQ j cm d ). From 

* 3 —2 —4 * 
April to June, solar Irradiance decreased to 1.56 X 10 j cm , d, , 
followed^ by a moderate Increase to a wet-season high of-

**. '_ ' , .- * * ^., " * « 

1.83 X 10 j cm"? 8~ In September. Solar; Irradiaiice then'.diminished to" 
v " - * ' , " • , * " 

* ^ 3 -2 -1'- -a minimum of 1.37 X 10 j,-cm »d in November, the beginning of the,dry 

<•*•< 

f ' 
- ( 

*§MMH* ' 

*'. ; 

S* 
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V 
i^JIgure 13. • Monthly maximum and minimum temperatures within the 

Acanthophora and Laurencia Zones (June 1979-r80). Thermometers were 

•-'secured Into pools at 0.5 m depth. ( • ) Acanthophora Zone; ( O ) 

Laurencia Zone,. 
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Figure 14. Solar Irradiance at Galeta Point, Panama (January 

1979 to March 1980). Data were provided by J.D. Cubit, D. Windsor, and 

J. Thompson as part of the environmental monitoring data from Galeta 

Point,, Smithsonian Institution Environmental Science'Program, S.T.R.I. 

i 
Vertical bars indicate + the standard deviation. All values were 

-2 -1 -2 -I 
converted .from g cal cm- h to j cm d . 
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season. After November, solar irradiance increased.to a maximum of 

about 2.30 "X 103 j cm"2 d"1 in February (Fig. 14). 

Tidal Elevation and Aerial Exposures ' "' ; % 

In 1979 and 1980, the maximum tidal amplitude was 0.6 m at Galeta 
» , «'v. 

i 

Point; 0.22 m*was€the minimum tidal elevation, as recorded on both 10 

September T979 and on 3 June 1980, while 0.82 m was the maximum tidal 

elevation, recorded on. 19 December 1988. In general, the highest tides 

occurred during two periods:,December through February; and July and 

August. Periods of low water that, resulted in aerial exposures of the 

reef took' place1 generally from May to .November (Fig. 15).' 

^ Of t,he*biotic zones on the reef flat, the Laurencia Zone was ' • 

exposed the most frequently (Figs. 16 and 17). A-typical aerial 

exposure averaged 5.2 hours in 1979 and 6.3 hours in 19&0. In the j 

.Acanthophora Zone, aerial exposure averaged 4.3 hours In 1979 and 

5.5 hours in 1980 and occurred in May and June (Fig. 18). When the 

Laurencia Zone is exposed in the air, seawater no longer flows over the' 

reef surface. Accordingly, the Acanthophora and Thalassia Zones are 
» 

either left in stagnant water or exposed in the air. In 1979 and 1980s1, 
* « 

such conditions prevailed for a maximum o'f 18 hours. The'longest series 

of consecutive daytime exposures was 38 days in the .Laurencia Zone and 

9 days- in the Acanthophora Zone.' Daytime exposures were confined to two 

period's: May and June, and September and October. Nighttime exposures-* 

occurred primarily from September to November (Figs. 17 and 18). 

y , * -r 
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Figure 15. Daily Tidal Elevation Range at Galeta Point, Panama 

/ 0 
(FeT«uajy 1979 to March 1980). Exposure in the air of the Laurencia 

Zone occurred at tide gauge elevations of below 0.30vm while those below 

0.24 m exposed the Acanthophora Zone. 'Data were provided by J.D. Cubit, 

D. Windsor, and J. Thompson as part of the environmental monitoring data 

from Galeta Point, Smithsonian Institution Environmental Science 

Program, S.T.R.I. ' • 
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Figure 16. - ' The frequency of Laurencia Zone exposures,in the air t 

'at Galeta Point, Panama ( 1979, 1980,vand 1979-80" pooled data). Tidal 

elevation data were provided by J.D. Cubit, D. Windsor, and J. Thompson 

•as part of the environmental monitoring data from Galeta Point, < 

Smithsonian Institution Environmental Science Program, S.T.R.I. 
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/ , -i 
Figure 17. - Daytime and Nighttime AerialExposures "(h mo ) of ' 

the Laurencia Zone at Galeta Point, Panama (1979-80). Tidal elevation 

: .' i - ° 

data were provided by J.D. Cubit, D."Windsor, and J. Thompson ats part of 

the environmental monitoring data from Galeta Po|.nt, Smithsonian 

Institution Environmental Science Program, S.T.R.I. . 
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> *.{ 
, Figure 18.̂  Daytime and*Nlghtffme Aerial Exposures (h mo ) of 

** " ) 
4 ' a » 

the Acanthophora^ Zone at Galeta Point, Panama (1979-80>. Tidal 
' * * * 

elevation data were provided by J.D, Cubit,* D, Windsor, and J. Thompson 

as Dart of theienvironmental monitoring, data from Galeta Point, 

Smithsonian.Institution Environmental Science Program, S.T.R.I. v 
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Wave Exposure and Water Velocity 

Wave-exposure gradients occurred along the |d$tê reef' in the, 
- & 

Laurencia Zone and from the Laurencia Zone into the Acanthophora Zone. 

From 28\November to 12 December 1981,,, the wave forces (Newt ons 3'.that 

were exerted on 2.54-cm diameter spheres averages 2.08 N at the Exposed 

Station, 1.25 N at the Moderately-Exposed .Station, 0.88 N at the 

-Sheltered Station, and 0.17 N at the BacK-Reef Station; the differences » 

in wave force at the Moderately-Exposed and the Sheltered Station were 
/" " " 

not significant (Table I). The Back-Reef Station, like the Sheltered *• «. 

Stations, was affected little by dry-sea'son storms (Fig. 19). 'An f 

increase In water depth during storms dampened the energy exerted on the \ 

reef surface* ' , » • < " , 

At the fore- and back-reef stations, gradients of wave exposure 

measured by force meters were also indicated by measurements of water 

''•velocities. Water velocities were highest, at the Exposed Station and 

lowest at the Back-Reef Station and were not significantly different 

.between the Moderately-Exposed and Sheltered, Stations (Tahle II and - . 

* I 
Figure 20). Velocities of water in the direction of- incoming wave surge 

* " ' t 

• were higher than those in recreating water or* backwash, and there was a 

net flow of water to thê  right of incoming wa^e surge (i.e.., long shore 

current) with flow rates comparable to those'̂ eif the backwash (Table II). 

Water velocity "in the direction'of incoming wave surge had the most 

direet effect on algal populations, <iau§lng/ the fragmentation of 

A.- spicifera and the removal' of «L. paplllosa "aggregates" from-the-
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Table I. ' Analysis of Variance Table evaluating wave force at the 
Exposed, Moderately Exposed, Sheltered, and Back-Reef Stations 
(November"- December 1981). N = newton^ 

80 

* 

\ 
\ 
\ 

* ™p 

-

1 

1 

df 
j * * * 

ss 

fv-
^ 

J 

t«. 
j . 
/ms 

. 

* 

*.-

_F ' ..P.. 
IP* i 

e 6 

Location 
Error 
Total 

. 3' 
41 

-- 44 V 

213229 
87297 

- 300526 

71076 
2129 

• 

3,3.4 - < q.p§i 

* 

0) Location 
Force (N) 

SD° » 

Exposed -\ 

. Moderately 
Exposed 

Sheltered 

Back-Reef 

0.89 

0.29 

0.29 

0U6"|, 

Vertical bars spaii groups that are not significantly^different in exposure 
to wave-force (Newman-Keuls Multiple Range Test p < 0^05). 
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Figure 19. Maximum force exerted by waves on 2.54-cm diameter 

sphere at the Exposed, Moderately-Exposed, Sheltered and Back-Reef ra 

* ' ' , . W 
. <• * . * 

Stations {29 November to 9 December 1981). (-• ) Exposed -Station; (*Q ) ; • 
• * i ° * »«• at . . ' 

* • • • , ' 

ModeratelyTExposed Statidn; ( • ) Sheltered Station; (>A3 Back-Reef 

Station. ' ' —-* ' - t 

Y 

- \ 

.# 

*-

ft 

X 

f . 

»•> 



^ 5 RMH 
& 

-*i- % 

frSTORMi 

0 
B - R ^ A _ „ A ^ ^ 

A5-:—1», A - — A " l£L. 
28 30 
NOVEMBER DECEMBER 

10 

r 

^ 

0? 



83' , 

V * 

Tâ ble II. ' Two-way Analysis of Variance Table evaluating water velocity 
at the Exposed*, ModeratelyTExposed,. Sheltered, and ?Back-Reef Stations'" -
(November" 1981). •> ° * - " ' » * - ' . 

* 

a * 
* 

•* - df-

* 

" %s ms 
\ " * 

F, 

' 

>P̂  

* . 

Location 
Direction 
Error 
Total 

3 " • 
3. 

240 
255 * 

1.43 
0.67 

" 0.71 
4.44 

0.48 . 160.0 ' < 0.001 
0.22 " 75.1* < 0.001 

Current (Direction: 
Mean Current Velocity (m s ) 

2 3 V 

-

Station: 

- - „ > 

< 
) 

' 

• ' . \ 

Exposed 

Moderatelyj 
Exposed 

Sheltered' 

Back-Reef 

<• 

' 0.52 

0.17 

0.02 

' 0.'21 

' 

» 0.22 0.20 «• 

0..17' 0.11 

"' * 

0.14 *0.20 

o.oc r ^jo.oo >. 

1 _ _ — _ _ „ , 

•i 

0.17 1 

0.05 

i 
0.07 

0.14 1 ' 

(1) Vertical^and horizontal bars span groups-that are not significantly 
different in exposure to current velocities (Newman-Keul-S Multiple Range 
Test, p < 0.05J).. v ' ^ 
(2) Current direction: (1) is incoming'wave surge, (2) is backwash, (3) is 
to the right of the station, and (4») is the to the left of the station,. 

»* 
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% 
Figure 20, , Mean velocity of water measured relative to Incoming 

waves at the Exposed, Moderately-Exposed, Sheltered, and Back-Reef 
J . *& '• " \ 

Stations (1 December 1981)*. Bar'lengths (vectors) indicate the mean 

velocity and direction of water. Current* velocities^ab each station 
V • _ _ - -, . " 

were measured over a 15-miii period during moderate, dry-seasons 

- ' ' \ * ' • 
conditions, 
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substrata. 'Among fore-reef stations, water velocities were 

significantly different when measured in the direction of incoming0wave 

surge; they decreased 'In intensity from the' Exposed to the Sheltered' 

Station .(Table III). Water velocities'averaged 0.52 m s at |he ' 

Exposed Station-, 0.17 'm s at the Moderately-Exposed Station, . 

* -1 -1 
* 0.02 m s at the Sheltered Station, 0.21 m s at the Back-Reef * 

' ' ' * 
Station. At the Back-Reef and.the Moderately-Exposed Stations „ water 

velocities were similar. These stations differed, however, in the' type' 

of. water motion; the Back-Reef Station had a steady horizontal flow pi» 

water (current); and the Moderately-Expoaed Station had a turbulent or 

.violent flow of water that was generated by breaking waves. 

Figure 21 shows measurements of water "'velocity taken throughout the 

reef flat during moderate sea conditions. On the reef flat, water 

velocities changed substantially over distances of a few meters-

(Fig. 21), Spill-off areas (locations where water was channelled off 

t the reef) were detected In two fore-reef locations; here, water 

' velocities frequently exceeded 0.7 m s*" . In the back reef, current 

velocities were highest adjacent to the S.T.R.I. Laboratory, especially^ 

when large volumes of water surged over the r.eef flak, Water velocities 
' *'' -1 . • ' 
of about 0.1 to 0.25 m s normally occurred throughout the Acanthophora 

Zone and exceeded-,!!.64 m s during some dry-season storms* 

{ 
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Table III. Analysis of Variance Table evaluating the water 
velocity of incoming wave surge at the Exposed, Moderately Exposed, 
Sheltered, and Back-Reef Stations (November 1981). 

« df 

„ 

• 

ss 
i 

ms 

' 
r 

* 

F -

• 

. 

P 

' , -

Location 
Error < 
Total 

3 
60 
63 

2.15 
0.36 
2.52 

0.72 
0.01 

118.6 < 0.001. 

Location N 
Water Velocity (m s ) 

Mean SD 

Exposed 

Back-Reef' 

Moderately 
Exposed 

Sheltered 

16 

16 

16 

. 16 

*. 
i 

0.52 

0.-21 

0.17 

0.02 

0.10 

0.11 

0.04 
w 

0.01 

(1) Vertical bars span 'groups that are not significantly different in 
exposure to water velocity (Newman-Keuls Multiple Range Test, p < 0.05). 

f. 
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Figure 21. Mean velocity of water measured relative to incoming 

waves at selected locations on the reef -flat at Galeta Point, Panama 

(5 December 1981)-. Bar lengths•(vectors) indicate the mean velocity and 

direction of water. Current velocities at each station were measured *", 

over a 15-min period during "moderate, dcy-season conditions. Spill-off 

= A location where'large volumes of water are channeled off the reef 
LSi '•* % • 

flat. . ' * 
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' ' f 
Fore-Reef Topography ' ' , 

The Exposed and Moderately-Exposed Stations were about 0.13 m 

higher In elevation than the Sheltered Station., and the 

Moderately-Exposed Station was- a few centimeters higher in elevation 

than the Exposed Station (Fig. 22). The lower elevation of the 

Sheltered Station resulted from previous undercutting of the fore reef .»; 

by an adjacent channel of water, which left large pieces of rubble on-

the reef slqp'e. At the more exposed stations, logs regularly drifted 

-̂ ashore and abraded extensive areas of the fore reef, causing localized • 

differences in reef% elevation.
 K , 

Substrate rugosity was significantly greater in the Laurencia Zone 

than In the Acanthophora Zone (Ts= 10.73, df =24, p < 0.001). This 

unitiess measurement of rugosity in the Laurencia Zone (X + SD; 

. „ 0.68+0.11) was more than twice the. estimate observed in the 

Acanthophora Zone (X + SD; 0.31 + 0.07). The greater rugosity of th£ 

Laurengia Zone was attributed to the numerous small depressions and 

crevices that occurred in the substratum. Otherwise a carpet of algae * 
v 

obscured the reef surface. 

^ 
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Figure 22." The distribution of A. spicifera and L, papillosa 

relative to-reef elevation at the Exposed, Moderately-Exposed, and \ 

Sheltered>Stations. Elevations are expressed relative to tide gauges 

Galeta Point, Panama (September 1981). As = A. spicifera; . ' 

Lg> = L. papillosa; Tt = T. testudinum. 

1 

\^r? 



**, 

-

£ 

o 
< 
> u 
_J 
UJ 

„ 

0.5 

0.4 

0.3 

02 

0.1 

0.5 

0.4 

0.3 

0.2 

0.1 

,0.6 

0.5 

0.4 

0.3 

0.2 

EXPOSED" STATION » 

/ HAsH 

n Lp r -Tt 

i .,., i • • 

c 

u. -
MODERATELY EXPOSED 

STATION -

_1 L 3 •Tt 

AS-

SHELTERED STATION " 

• Lp -* -^ i-Tt H 

•—— •-

_l £ J I I i_ 

0 2 4 6 8 10 ' 12 14 16 48 20 22 
DISTANCE (m) 

/ * 



X 93 

f 3.2' -*• The Fragmentation of A. spicifera 

Spatial Distribution 

-. r » -
% 

A. spicifera w.as found predominantly in the Laurencia and , 
* 

Acanthophora Zones and displayed a spatial distribution" on the reef .flat 

similar to the distribution of L. papillosa (Figs. 23 and 24).-

A* sploifera and .L_. papillosa occurred at the highest (Fig. 22) and" 

lowest (Fig. 3)- reef elevations. In the Laurencia Zone, A. spicifera , 

occupied a narrow band within a much broader band of L. papillosa. As 

wave exposure diminished along the fore reef, the spatial distributions 

of both specie's expanded; this expansion, however, was not entirely 
r * a a 

uniform (Figs. 23 to 25), reflecting many microhabitat differences. As 

~»shown in Figure 22, the seaward margin of A. spicifera encroached upon 

that of L_. papillosa'as wave exposure decreased. . 
i 

In the back reef, the distribution of A.' spicifera was confined to 

the Acanthophora Zone or to beds of T* testudinum with coral rubble. In 

v general, the Thalassia Zone contained' little Ay spicifera (Figs. 23 and-

«' 26). When T. testudinum was colonized by Centrocerus ox Spyridia, 

however, A. spicifera was observed to recruit readily onto the jghalassla * 

blades. In thel back reef, L. papillosa had a wider distribution than t -

A. spicifera (Figs. 23 and 24) and occupied most of the available hard « 

* , ' 

substratum. L. pqMllosa served as the principal > substratum for 

A. spicifera in th^Pahthophora Zone. 
Ik — 
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Figure 23. Spatial distribution of A. spicifera,. QTI the reef 

flat at <5aleta Point, Panama. Pooled da£a*from Reef-Biomass Study. 

(February 1979'toIfarch 1980). Each mark,indicates a location of a 

blomass sample containing A. spicifera. ̂  .... 
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Figure 24. -. Spatial distribution of L. papillosa on the reef 

flat at Galeta Point, Panama. Pooled data from leef-Biomass Study 

(February 1979 to March 1980). Each mark indicates a,location of a 

biomass sample containing L. papillosa." 
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Figure 25. Distance in meters along Reef-Biomass" Study and 

Wave-Exposure Station transects occupied by iC° spicifera. Pooled data 

from Reef-Biomass Study (February 1979 to-March 1980) and"Ifave-Expqsute 

Stations-(September 1981). E = Exposed Station; ME =̂ *Mpde3fS)fely-Exposed 

Station; S * ShelteretT Station 
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.Figure 26. Spatial distribution of T. testudinum on the reef 

"flat at Galeta Point, Panama. Pooled data from Reef-Biomass Study 

(February 1979 to March 1980). Each mark indicates a location of a 

biomass sample containing T. testudinum. 
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Seasonal Abundance 

* 

From February-to August 1979, there was generally a greater biomass 

of A. spicifera In the Laurencia Zone than In the Acanthophora Zone. 

Conversely, from September 1979 to February 1980, there was a greater 

biomass of A. spicifera in the Acanthophora Zone than in the Laurencia 

•Zone (Fig. 27), Also, increases in the the blomass of A. .spicifera in 

the Laurencia Zone generally preceded increases in the biqmass of 

A. spicifera In the Acan^iophora Zone. 

From February to April 1979, conditions for the growth of * -

-A. spicifera were favourable (Ue., periods of maximum solar Irradiance 

and minimum aeri«l exposures [Figs 14, 15, and 27]). A. spicifera ' 

—2 
obtained a maximum biomass of 64.6 and 53.8g(dwt)m 'in the 

Acanthophora and Laurencia Zones, respectively. When aerial exposures si 

were most intense (May-June), the abundance of A. spicifera was at a 

minimum. At that time, most uprights of A. spicifera were killed and 

removed from the plant,' with only the holdfast of the plant remaining. 

Healthy plants were found only in'areas' splashed by waves. After June, 

A. spicifera in the Laurencia Zone rapidly recovered from the aerial 

—2 
exposures and increased to 59.0 g (d wt) m by. July. The biomass of 

A. spicifera in the Acanthophora Zone, however, increased at a slower 

_2 
rate to 42,2 g- (d wt-) m by September. With the onset of the dry , 

season, A. spicifera was again reduced to low abundance 

—2 
(about 25 g (d wt) m ) both In the Acanthophdra and Laurencia Zones, 

_2 
but later returned to maximum levels (about 66 g (d wt) m ) by January.. 
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Figure 27. Seasoflallty of A. spicifera biomass in the'Laurencia 

and Acanthophora Zones (February 1979-80)* Vertical bars indicate + or 

- one standard deviation from the mean, n = 100 for each point in the 

Acanthophora Zone ( • ). n = 50 for each point in the Laurencia Zone 
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In February, stormy seas reduced the abundance of A. spicifera in the 

Laurencia Zone, but had little effect on A« spicifera in the 

v ' ' , 
Acjjithophora Zone (Fig. 27). > '. 

• ' * ' 

Drift Sampling , ' ' , 

It was deduced from recaptured tags that a sampling area of 1.32 ha 

remained, stable throughout varied sea conditions.-• The five nets 

collected' drift -materials from roughly equivalent sampling areas; net 4 

2 
sampled the largest area of 4988 m and net 3 sampled the smallest area 

*} ' 

o'f 3330 m (Table IV and Fig. 28). The largest portion of the Laurencia,-
i s 

Zone was sampled by net 5 (893 m ) and the smallest portion wae sampled / 

*• - 2 * 

by net 3 (350 m ). .As shown in Figure 28, tags that were released into 
» 0 , 1 

the fore reef and captured, by the nets were funnelled into the back •) 

reef. Nets "1, 2, and 3 sampled fore-reef areas from the Exposed to the 

ModeratelyExposed Stations, and Nets 4 and 5 sampled from the ' 

* Moderately-Exposed "Station to the Sheltered Station'. * . **•". 

Nets 1, 2, and "3 collected 8 3 % of the drift blomass, which 

' * \ . 
included 90 % of the drift Acanthophora. \,The sampling areas of these 

• three nets included the entire Acanthophora Zone and delimited a narrow 

strip of reef through which most drift material passed (Tables V and VI, 

" and Fig. 29). As drift.blomass "included̂ many calcareous algae^ and 

seeds, branches, and leaves of higher plants, A. spicifera constituted 

only 6.f X of the collected biomass. When drift materials were 

' V J 

restricted to only reef-flat biota, J?, testudinum, "_L. papillosa, and 

I. 
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Table IV. - Sampling area of each net .collecting drift biomass, 
Marked tags^(45. mm xpieces -of Surveyor's Tape) were released from 
predetermined locations on the,reef flat. Tags collected by the nets 
defined the sampling area. 

Net no. Laurencia Zone Total Sampling 

2 2 
Sampled (m ) Area (m ) 

1 
2 
3 
4* 
5 

426 
3821 
350 ^ 
530 

.. 892. 

4719 
4341 
3330 
4988 
3378 

Total 1-5 196 f3,216 iii - 1.32 ha. 



107 

Figure 28. Sampling area of each net collecting drift biomass. 

2 
In different sea conditions, marked tags (45 mm pieces of Surveyor's 

fape) were released along two transects at predetermined locations. 
*" 

Tags collected by the nets defined the sampling area. 
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Table V. Analysis of Variance Table evaluating Total Biomass 
collected by Drift Nets (January 1979 to March 1980). 

df ss »ms \ 

Sampling 
EJrror 
Total -

* 

Net' 4 
315 
319 

" 

4355866 
26615349 
30971215. 

t 

1088966 
84493 

12. 

; 

9 < 0. .001 • 

Net no. - ' N 
Total Biomass g (d wt) 

Mean SD 

1 
2 
3 
4 . 
5 

64 
64 
64 
64 
64 

420 
375 
388 , 

- 223 
, 114 

353 
309 
•385 
• 195 
^127 

(1) Vertical bars span groups that are not significantly different in 
abundance (Newman-Reuls Multiple Range Test p < 0.05). 
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Table VI. Analysis of Variance Table evaluating A. spicifera collected 
In Drift Nets (January 1979 to March 1980).' ' * , . . -

, df ss ms P' 

Sampling Net •' 4 
Error 315 
Total' 319 ' 

. - „ 43418 
- -> '220488 

263906 

10834 
" 700 

'15.5 < 0.001 

Net""no. 
* A* spicifera Blomass- g (d wt) 
' Mean -SD ' 

1 
2, K 

3 t 
4 
5 

64 
64 
64 
64 
64 

30.9 
27.8 

v 25.2 
* ** 6.7 

2.5 

. " 41.4 
31.5 
26.4 
9.1 
4.3 

(1) Vertical bars span groups that .are not significantly different in 
abundance (Newman-Keuls Multiple Range' Test p <d Q.05). 

"X 
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Figure 29. { Total Blomass and A.? spicifera Biomass collected in ' 

Efrift Nets (1 February 1979 to. 31 March 1980). Five permanently'fixed 

/nets (0.91-m high "X 0.46-m wide) continuously sampled drift as it was 

removed by a unidirectional current from the reef flat. 

\ 
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A. spicifera were the major components in decreasing order of abundance. 

Noteworthy was the obseryation that more L_. papillosa was removed from 

the reef*in large clumps (I.e., "aggregates")" than as single-fronds. In 

*- * « * 

October and November, "mats" of A. spicifera were similarly torn from 

their substrata at the Sheltered and Back-Reef Stations. # 

Nets collected between 0.8 % and 3.6 % of the released tags, with a', 

mean tag capture" of 1.8 2? (Table VII). Using,'1.8 % as the collection „ 

efficiency of the nets, the total biomass of a species last from the 

1.32 ha sampling area was estimated^ A maximum of about. 
—\ ' ' te .' * i • iff 

245 kg (d wt) mo of algae was removed from the reef ."flat in February 
1979, with L. papillosa being the major component, followed by 

'* ' 

A. spicifera. In general,' more biomass of L; papillosa and A. spicifera '. -

was torn from the reef flat during the dry season than the wet season.' 

L. p'apillosa lost more biomass from the1- reef flat than A. spicifera from 

January to July; A. spicifera, however, lost more biomass than 
. ' ' 

L. papillosa from July to October. • From November to March, more drift 

biomass of L. papillosa than of A. spicifera was collected. These , 

cycles of biomass suggest that: during ...periods of Intense wave-action » 

(dry season), more biomass of L. papillosa than A. spicifera is removed 

from the reef flat; and, during periods of calm seas "and minimum aerial *• , 

exposures (July-October), more A. spicifera than L. papillosa is removed 

from the reef (Fig. 30). , 

When the drift biomass of A. spicife'ra and h. paplllosa was each 

standardized to one square meter of CTtat species and expressed as'wet 

weight, A. spicifera sustained greater losses of biomass than," fe 

*© 
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Table VII. ' Sampling Efficiencies of Drift Nets bajsed upon the release 
and capture of tags during different sea conditions. 

Date Transect Sea State Tags .Efficiency 
< . Released Captured 

1/14/80 

« 1/23/80 ' 

1/23/80* 

2/8/80 

2/8/80 -

3/7/80 

3/7/80 

0 

0 

I ' 

0 

I 

0 ' 

I 

c 

c 

c 

H 

H * 

-iM 

M 

2600 

1150 •> 

800 

1400 

800 

1400 

850 

39 

22 

17 

47 

'8 

19" 

7 

0.015 -

0.019 

0.021 

0.Q36 

'0.010 

0.014 

0.008 

( 

Capture Efficiency <X + SD) 0.018 + 0.009 

(I) 0 » Outer Reef Transect, I * Inner Reef Transect 
(20 Sea State: H '- Heavy, M - Moderate, C « Calm 
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Figure 30. Blomass of A. spicifera and L_. paplllosa removed 

from the reef flat at Galeta Point, Panama (1 February 1979 to 31 March 

1980). ( A ) L. papillosa; ( A ) A. spicifera. * . ' 

?. 

f 

/ 

"9f » 
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L. papillosa. As A. spicifera has 5 % more water per unit dry weight 

than L_. papillosa, these data were expressed as wet weight to achieve a 

closer approximate of the quantity of drift in the water. As shown in 

Figure 31, A. spicifera had maximum losses of about * 

570 g (w wt) m~ mo in February and Septlmber 1979-and January 1980. 

h.' papillosa lost most of its biomass in February 1979 

- 2 — 1 * 
(360 g (w wt) m mo ); for the rest of the year, maximum losses of 

L.~.papillosa were comparable with minimum*losses of A. spicifera 

— 2 — 1 • * 
(105 g (w wt) m mo' [Fig. 31]). (See Appendix II and III for further 

i 

\ 
'sampling information.) • * 

^roytl 

Monthly Determinations 

With the exception of May, June, and July, A. spicifera grew at a 

-1 ' * 

rate of between 3.5 and 2.0 mm d (Fig. 32). For the 12-month period, 

fragments in the Laurencia Zone averaged 2.8 mm d , while those ,in the 

Acanthophora Zone averaged 2.9 mm -d ; 'these- differences were not 

« 
sign-ifleant (ANOVA, F - 0.44^ p. > 0.05). Hence, the growth rate of 
fronds that were collected from the Laurencia Zone did not differ when 

'i 

measured for growth in the Acanthophora and Laurencia Zones. In May, 

» • ' . - i _ i 

growth decreased to 1.3 mm d in the Laurencia Zone and to 2S2 mmd -. 
^ i-

in the Acanthophora Zone; this was presumably the- .result of increased 

seawater temperatures (Figs* 13'and 63). Periods of maximum growth 

.. r . 
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Figure 31. • Biomass of A. spiciffera-̂ and L..jpapillosa removed 

from the reef flat of Galeta Point, Panama, when the drift biomass of a 

species was. standardized to a square meter and expressed as wet weight 

(1 February 1979 to 31 March 1980). ( AO^l- papillosa; ( A ) 

A. spicifera. . -

*. 

/ • 
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Figure 32. Seasonality of..A. spicifera growth in the1 

"' Acanthophora and Laiirencia "Zones. '-All fragments'were collected from the 

LaureUda Zone.', Vertical bars indicate + one standard deviation from 

r : : * ' . ' * . ", ~ - K 
* - •> • l l 

the mean, n^" 40- for each point , , „- - * . ' .-*• , 

ft 

V 

^ ' . ' 
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'—1 ' " 
occurred in July pi the Laurencia Zone (3.9 mm d - ) and in June in the 

-1 - -' - i 
Acanthophora Zone (4.7 mm d ). . . .' 

Reciprocal Growth Experiment 

In February and August 1979, a "reciprocal growth experiment.was 

done using fronds of A.x spici'fera from the Acanthophora and Laurencia 
i 

Zones. As shown in Table VIII, the growth of A. spicifera depended on 

the location from which the fronds were collected (Acanthophora and 

Laurencia Zone fronds) a!nd the period of measurement (February and 

August). Station effects (Acanthophora and Laurencia Zone) were not 

significant. In February and August, the growth rate of fronds 

collected' from the Acanthophora Zone was greater than that of those * 

collected from the Laurencia Zone (Table,VIII). Also, the growth -rate 

of fronds was significantly great.er "in 'February than in August* With no 

significant station effects, the growth data.of plants that were 

colleaJ:6d frounthe.same location were pooled. The growth of , . 

A. spicifera from the Acanthophora Zone averaged 4.8 mm d In February 
i + - - . 

and 4.1 mm d In August, while the growth of fragments from the 

Laurencia Zone averaged .3.2 mm d insFebruary and 2.9 ram d ,in 'August. 

•'\ 
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Table VIII. "Reciprocal Growth Experiments. Analysis of Variance Table 
evaluating'the growth of A. spicifera?; Fifty fronds'were collectedly in the 
Acanthophora Zone,"placed into .enclosures, and transplanted into theL 
Acanthophora and Laurencia Zones. _ An additional 50 fronds that were 
collected ift the" Laurencia Zone were similarly treated. Growth was 
measured%over a one-week period'In February and August 1979./ 

df ss. ms 

Station 
.Fragment 
Location 

Period 
Error 
Total , 

1 
- 1 
" * 
1 

204 
207 

' 0.9 
' 25.8 

136.5 
523.4 
686.6 

0-.9 
25.8 

136,5 ' 
- 2.6 

0.4 
10.1 

54.6' 

> 0.050 
< O.'OOl 

< 0.001 

Period: 

February 

August 

Acanthophora 
Fronds 

4.80 + 0.80 

4.13 + 0.64 

\ 

Ẑohe • 

X + SD 

Laurencia Zbne 
- (Fronds 

i 

3.20 + 0^76 , 

2.85 + \Al 

' 

-

„ 

(1) Units - mm d -1 

/ 
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Botanical Method 
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In general, fronds of A. spicifera in the Laurencia} Zone were 

shorter, moire * compact, arid-had fewer branches than-fronds in the 

Acanthophora-Zone^ Measures of branching compactness, the distances 

from the holdfast'to lst-order branches and from the main axis to the \*-: 
< e - . * 

- +r " 

first 2nd-order branches were less in the Laurencia Zone than in the 
!•••• • ' — " i a 

Acanthophora Zone (Fig. 33). Also., the>distance from the holdfast to 
i v . - * 

lst-order branches increased with Increasing degrees, (i.e. first, 
* ' . • • . • • '' v ' ' 

second, third, etc.,) of lst-order branches in the Acanthophora- Zone; -

this pattern, however, was not observed in the fronds in the Laurencia 

Zone, where the distance from the holdfast to lst-order'branches 

' averaged about 5/mm.- As a second measure of compactness,, the lengths of 

' 1st- and 2nd-ordered branches were examined; they were shorter in the 

*> Laurencia Zone tlian in the Acanthophora Zone (Fig.- 34). Together, these 

measures of branching compactness showed:' (I) the fronds of A. spicifera 

in the Laurencia Zone were more tightly'branched than fronds, .In- the 

Acanthophora Zonej and-(ii) fronds In the Tjaurencia and Acanthophora 
• - v - r * <• * * r , 

Zones differed-in how branches, emerged from-the main axis,. • / ,! '_ 
« i . * ,*' * ' • • * 

The ̂ branching .complexity of A. spicifera ranged from one to five" 

orders of hranches-in the Acanthophora Zone and from one to three orders 

in the Laurencia<Zone. In general, little difference was observed in 

.the composition of ordered brancne\s between the Acdhthophora and, . 
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-Figure 33.' A. spicifera*Branch Compactness. Distance from the • 

holdfast to the*lst-order branches and the distance from the main axis 

to the firs't 2nd-order -hranch. Fronds were collected in the Laurencia 

' - - ' i- J 

Zone ( 0. ) at the Moderately-Exposed Station and in the Acanthophora . 

• Zohe ( • ) at the Back-»Reef,Station .(October-November 1981). Vertical 

•bars indicate + 95 % confidence intervals, la = first lst-order branch; 

lb f second lst-order-branch; lc «,third, fst-order branch; 2a = first . 

2nd-order branch on the first lst-order branch; and 2c = first 2nd-order 

branch on the second lst-order branch. " r 
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Figure 34. A. spicifera Branch Compactness, fhe mean length*of 

the lst-order branches arid of the first 2nd-order branches. Fronds were 

collected in the Laurencia Zone ( 0 ) at the Moderately-ExposSd Station 

,_ , -(| 

and in the Acanthophora Zone ( • ) at the Back-Reef Station 

(October-November 1981). .Vertical bars indicate'̂ - 95 % confidence 

intervals:.t la = first lst-order branch; lb * second lst-order branch; 

lc * third lst-order branch; 2a * first 2nd-;order branch on the fifst 

lst-order branch;°and 2c = first 2nd-ocder branch on the second 
tr 

a . - { 
lst-order branch. 
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Laurencia Zones (Fig. 35). For example, 84 % of the fronds of 

A. spicifera in the Acanthophora Zone had at least one lst-order branch 

(i_.e_., at least one branch on the main axis), compared with 87.5 % of 

the fronds in the Laurencia Zone. In addition, the average numbers of 

branches found at each order of branching were similar in the 

Acanthophora and Laurencia Zones. Fronds of A. spicifera in the 

Acanthophora Zone averaged about three branches on the main axis, 

compared with two branches on the main axis in the Laurencia Zone. In 

effect, fronds of A., spicifera were: (1) larger and bushier (i»*e., had* 

more ordered branches) in the Acanthophora Zone than in the Laurencia 

Zone; and (ii) generally similar in composition and number of branches 

in the Acanthophora and Laurencia Zones. 

L_. paplllosa was shorter and more compact in branching structure in 

the Laurencia Zone than in the Acanthophora Zone. Measurements 'of 

v 
compactness showed that: (i) the distances of lst-ordered branches from 

%• 

the holdfast was less in the Laurencia Zone than those in the 

Acanthophora Zone; (ii) the distance of lst-ordered branches from the 

holdfast increased with Increasing degrees (primary, 

secondary......etc,) of lst-ordered branches in both reef zones 

(Fig. 36); and (iii) the length of lst-ordered branches was less,in the 

Laurencia Zone than that in the Acanthophora Zone1 i,Fig. 36). Like 

A. spicifera, "L.- papillosa was shdrter and had a more compact branching 

design in the Laurencia Zone than in the Acanthophora Zone. Unlike 

A. spicifera, the way the branches emerged from the main axis was 

typical of a plant net affected by environmental disturbances: that-is, 


