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Abstract

Macrocosms can be used to study complex ecological processes in a small physical space, but the validity of the
depends on how well the macrocosm simulates natural ecosystem functions. We measured the standing crop of macro
nutrient levels over 4 years in the Biosphere II macrocosm tropical reef biome at Oracle, Arizona. Ten years after this
was closed to outside introductions, it still contained 35 species of macroalgae, within the range found on natural ree
macroalgae community was recognizable as a late-successional, coralline algal turf community similar to those foun
low-energy portions of inner tropical reefs. However, biomass values for the most abundant species were in a continu
of flux over the study, and no single species was dominant. Nutrient levels were also unexpectedly dynamic, with di
inorganic phosphorous, nitrate, and ammonium each varying by a factor of 10 over the study. The dynamic nature of biom
nutrient cycles would make it difficult to use this macrocosm for controlled studies. On the other hand, the community dy
in the Biosphere II ocean may shed light on processes controlling biodiversity and succession on natural reefs. The ap
chaotic swings in biomass and nutrient levels suggested that the paradox of the plankton, which explains how seemingly
aquatic environments can support a wide diversity of planktonic forms, may apply to reef macroalgae as well. The Bios
ocean biome demonstrates that a diverse macroalgal reef community can be restored relatively easily, supporting the f
of actively restoring damaged natural reefs. Macrocosms such as this could be used in manipulative experiments to s

effects of nutrient enrichment and herbivory on coral–algal phase shifts.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Macrocosms are models of natural systems tha

e used to study the performance of complex living sys-

ems in a small physical space. Macrocosms, as well
s microcosms and mesocosms, are now widely used

o study linked ecological processes and their pertur-
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ation by outside agents (Todd and Josephson, 199).
xamples of disturbances that have been studie
quatic and wetland macrocosms include: effect

rampling on macroalgal communities (Milazzo et al.
004); effects of storm runoff on sandy beach inve
rate communities (Lercari and Defeo, 2003); effects
f nutrient enrichment on nitrate removal rates in w

ands (Bachand and Horne, 2000); effects of mowing on
mergent wetland vegetation (DeSzalay et al., 1996);
nd effect of carbon dioxide enrichment on coral r
Langdon et al., 2003).

The validity of these studies depends on how clo
he macrocosm reproduces the processes of in
n the natural ecosystem. However, untested ass
ions are often built into these studies. As examp
acrocosm studies assume that ecosystem func

ng is similar across the different spatial and temp
cales represented by the real system and the m
ystem, and that an ecosystem isolated from its
oundings will retain its original properties over tim
hese conditions can be difficult to meet and ve
n the other hand, by operating outside the no
oundaries of a natural ecosystem, macrocosm st
ave the potential to reveal unexpected propertie
cosystem performance.

In the present study, we measured macroalgae d
ity and dynamics in a tropical reef environmen
iosphere II, a large-scale macrocosm facility w
everal different biomes (Zabel et al., 1999). The trop-
cal reef biome consists of a shallow (up to 7 m de
ank filled with ocean water and containing a variet
imulated habitat types including sandy bottom, ro
eef, and shoreline communities (Atkinson et al., 1999
angdon et al., 2003). We measured the standing c
f macroalgae and nutrient levels in this system at
-month intervals over 4 years, starting approxima
0 years after the facility was constructed. The res
re interpreted in terms of the ability of this macroco

o maintain algal diversity and stability over time. W
ested the findings against the main hypotheses
ave been used to explain biodiversity and succes
n natural reefs: the functional form hypothesis (Littler
nd Littler, 1980); the intermediate disturbance hypo
sis (Connell, 1978); the niche-diversification hypot

sis (Knowlton and Jackson, 1994); and the paradox of

he plankton (Hutchinson, 1961).
Considering that it was not subject to major external

erturbations during the experiment, the Biosphere II

o
9
s
s

eering 25 (2005) 442–456 443

ropical reef biome exhibited a remarkably dyna
ate of species turnover and nutrient variability over
tudy period. Although this is an artificial biome,
esults provide perspective on the factors contro
lgal populations in both natural and human-ale
eef systems.

. Materials and methods

.1. Description of the experimental system

Detailed descriptions of the Biosphere II oc
iome and the experimental manipulations that h
een performed in it are found inAtkinson et al
1999)andLangdon et al. (2003). The macrocosm wa
esigned as a large, self-sustaining community of li
oral reef organisms, resembling a Caribbean fr
ng reef and lagoon. The macrocosm has a volum
650 m3 and a water surface area of 711 m2. It is 19.1 m
ide and 45.2 m long; depth grades from 0 to 7 m w
n average depth of 3.1 m. A simulated reef flat, c
osed of limestone rocks, covers 55% of the bot
rea, whereas a sand bottom covers the remaining
t the deep end of the tank. A wave machine propag
0–20 cm height waves from the deep end to the

ow end, generating currents of 2–10 cm s−1 above the
ottom. Mixing time in the tank was about 1 h.

Over this study water, temperature was held con
t 26.5◦C (within 0.2◦C) and salinity was 34.5 pp
ater lost to evaporation was replaced by rev

smosis water. The tank was illuminated by nat
unlight, which was attenuated by the glass top of
phere II and shading from other parts of the Biosp
I structure. Photosynthetically active radiation (PA
anged seasonally from 8 to 25 mol photons m−2 day−1

t the water surface, about 30–50% of outdoor va
ight was also attenuated by the water in the tank,
AR at the 2.5 m depth was approximately 25% of
unlight, or about 50% of PAR values found at t
epth on typical tropical reefs. However, due to h
issolved organic nitrogen values from the initial ad

ion of EDTA, only 5% of blue light penetrated to 5
nd the water appeared clear but yellow in color.

riginal ocean mix contained 10% natural seawater and
0% municipal well water amended with Instant Ocean
alts to achieve the target salinity. The mineral compo-
ition of the Biosphere II ocean compares well with



4 l Engin

t ns,
b e an
o n in
S -
o

2

ere
I ere
a rust-
i cks”
( y
t ter.
F were
a red).
S
e ere
r r, 17
s 2. In
1 ae, 2
g were
r kton
w nera
o cov-
e ra of
fi
s rs.
S ding
o t the
s

as
a the
c e to
l
D be a
r igh-
l . In
2 ,
2 ere
r and
r bal-
a y
i m
t
t
u
(

om-
p m-
b ou-
b
e te,
s ded
t mM
( no
d cro-
c late
g ity
i ent,
t cro-
c

2

cto-
b cted
m ery
o ided
i m
( s,
2 am-
p
r . The
d lgae
w ced
i sub-
s ect
a they
w ach
b laced
i ry
w d dry
w es.

cies
e pre-
s paper
o water
s on
p s
w ton,
D er,
44 L. Bymers et al. / Ecologica

ropical reef water for the major cations and anio
ut concentrations of trace elements (<1 mM) wer
rder of magnitude higher than natural. As show
ection3, nutrient levels were low, typical of olig
tropic tropical reefs.

.2. Biological characteristics

Marine organisms were first added to the Biosph
I ocean in 1990, and a few additional species w
dded in 1993. Macroalgae were added as enc

ng and attached organisms on Caribbean “live ro
Atkinson et al., 1999). Plankton were introduced b
he addition of 10% southern California seawa
ish, crabs, lobsters, urchins, and sea cucumbers
lso added (most of the macrofauna has disappea
pecies list were produced in 1992 and 1996 (Atkinson
t al., 1999). In 1992, 31 species of macroalgae w
ecorded while 28 were recorded in 1996. Howeve
pecies recorded in 1996 were not reported in 199
996, 11 genera of green algae, 8 genera of red alg
enera of brown algae, and some cyanophytes
ecorded. In contrast to macroalage, phytoplan
ere low in number and diversity. There were 25 ge
f corals and two genera of sponges, but they
red only 3% of the benthos. There were 16 gene
sh, but only one species, a small yellow tangs (Zebra-
oma flavescens), was present in significant numbe
everal dozen yellow tangs were observed fee
n filamentous and fleshy macroalgae throughou
tudy.

In 1999, the reef community was summarized
n algal-dominated coral reef flat, with about half
ommunity metabolism values of natural reefs (du
ight attenuation by the cover) (Atkinson et al., 1999).
espite some peculiarities, it was considered to

ecognizable coral reef community resembling h
attitude, over-fished, shallow, coral reef lagoons
001 (Falter et al., 2001) and 2003 (Langdon et al.
003), the same basic biological characteristics w
eported. At time scales >1 month, photosynthesis
espiration were reported to be almost perfectly in
nce (Falter et al., 2001). Water column productivit

s very low, and nearly all primary production is fro

he macroalgae community. The stocks of carbon in
he biota averaged 0.003 mol C m−2 in the water col-
mn compared to 8–10 mol C m−2 in the macroalgae
Falter et al., 2001).

c
s
o
D

eering 25 (2005) 442–456

During the present experiment, the chemical c
osition of the ocean was slightly altered from Nove
er 8 to December 18, 2000, to simulate a d
ling of atmospheric carbon dioxide levels (Langdon
t al., 2003). To accomplish this, sodium bicarbona
odium carbonate, and hydrochloric acid were ad
o increase dissolved inorganic carbon from 1.96
pH 8.02) to 2.12 mM (pH 7.82). The alteration had
iscernable effect on species composition of the ma
osm, and the carbon enrichment did not stimu
ross community productivity, as primary productiv

s nutrient-limited. Other than this planned experim
here were no systematic interventions in the ma
osm operation during the study period.

.3. Macroalgae sampling

Macroalgae were sampled 23 times between O
er 1999 and October 2003. Sampling was condu
onthly for the first 6 months then approximately ev
ther month thereafter. The ocean surface was div

nto 95 equal-sized grids, each approximately 82

2 m× 4 m), by placing 10 lines with 4 m grid mark
m apart along the length of the ocean. At each s
ling date, wire rings with an area of 0.073 m2 were
andomly tossed into each of the 95 sample areas
epth of each ring was recorded, and all the macroa
ithin each ring was collected by a diver and pla

n a plastic bag. Care was taken not to disturb the
trate during collection. This method did not coll
ll the encrusting algae on the limestone rocks, as
ere difficult to remove. In the laboratory, algae in e
ag were sorted into species, weighed wet, then p

n an oven at 40–45◦C until they reached constant d
eight. Data were recorded as the fresh weight an
eight of macroalgae in each grid sorted by speci
A running species list was maintained of all spe

ncountered in the rings. Voucher specimens were
erved either as pressed specimens on herbarium
r preserved specimens in a formaldehyde–sea
olution. Plants were tentatively identified based
hotographs inLittler et al. (1989). Voucher specimen
ere taken to the Smithsonian Institute, Washing
C, in July 2002, where the curator, Dr. Mark Littl

orrected the identifications by reference to archived
amples in the museum collection. Final identification
f some of the species was also provided by Dr. Clinton
awes, University of South Florida, Tampa.



l Engineering 25 (2005) 442–456 445

2

and
c ere
I
t val-
u N),
d and
a sti-
m cted
f ,
T tten-
u is a
n n at
2 gh a
g on
a con
m
u roxi-
m and
a data
f am-
p yzed
f lab-
o of
e were
a

lcu-
l

H

w ch
i
t
u uals
t

3

3

p
(
a

Table 1
Species list for green macroalgae (Chlorophyta) in the Biosphere II
ocean biome in 1992, 1996, and 2000–2002

1992 1996 2002

Acetabularia calyculus X
Avrainvillea sp. X X
Bryopsis plumosa X X
Caulerpa mexicana X X
Caulerpa serrulata X
Chaetomorpha sp. X
Cladocephalus luteofuscus X
Cladophora fracatii X
Cladophora fuliginosa X
Derbesia marina X
Derbesia vauchriaeformis X
Derbesia sp. X
Dictyosphaeria cavernosa X X
Dictyosphaeria ocellata X
Enteromorpha sp. X X
Ernodesmis verticillata X X
Halimeda incrassata X X
Halimeda monile X
Halimeda oputntia X
Halimeda tuna X
Penicillus capitatus X X
Penicillus dueitosus X X
Polyphysa polyphysoides X
Rhipocephalus divericata X
Rhipocephalus phoenix X X
Udeota cyanthaformis X
Udeota spinulosa X
Udeota flabellum X
Valonia aegagropila X
Valonia macrophysa X X
Valonia utricularis X X
Valonia sp. X
Ventricaria ventricosa X X
Total species 20 12 14
Total genera 13 11 9

Species present in a given survey are marked with X. 1993 and 1996
d he
p

m tud-
i e not
a er
o , the
s ined
1 cies
L. Bymers et al. / Ecologica

.4. Other data collection

The monitoring systems for measuring physical
hemical water quality parameters in the Biosph
I ocean are described inAtkinson et al. (1999). For
he present analyses, we calculated mean monthly
es of radiation, dissolved inorganic nitrogen (DI
issolved inorganic phosphorous (DIP), nitrate,
mmonium to correlate with standing biomass e
ates. We used outdoor values of radiation corre

or light attenuation (AZMET, University of Arizona
ucson, AZ) for the correlation analyses, because a
ation of light by the structure and water column
ear-constant (we assumed 25% light penetratio
.5 m). Nutrient concentrations were passed throu
lass-fiber filter, frozen within 1 h, then analyzed
Technicon II Autoanalyzer with standard Techni
ethods (Atkinson et al., 1999). Values for individ-
al nitrogen species for June 19, 2000 were app
ately 10 times higher than on any other month,
dded to greater than the value for total nitrogen—

or this date were eliminated from the analyses. S
les of the five most abundant species were anal

or nitrogen and phosphorous by a commercial
ratory (IAS Labs, Tempe, AZ). Four samples
ach species, collected on different occasions,
nalyzed.

The Shannon–Weiner Index of diversity was ca
ated as:

′ =
S∑

t=1

pi lnpi (1)

herepi is the proportion of the population size of ea
ndividual species to the total population size, andS is
he number of species (Sterling and Wilsey, 2001). We
sed biomass values rather than number of individ

o calculatepi .

. Results

.1. Species composition and N and P contents
Thirty-five species were encountered in the sam-
le rings, of which 14 were green algae (Ochrophyta)
Table 1), 15 were red algae (Rhodophyta) (Table 2),
nd 6 were brown algae (Chrysophyta) (Table 3). A few

n
s
o
w

ata are fromAtkinson et al. (1999)and 2002 data are from t
resent study.

acrophytic blue-green bacteria, noted in earlier s
es, were present in these samples as well. We wer
ble to positively identify them. While the total numb
f algae was about the same as in 1992 and 1996
pecies lists were different. The present lists conta
9 species not found in 1992 or 1996, while 32 spe

oted in 1992 or 1996 were not found in the present
urvey (Tables 1–3). From 1992 to 2002 the number
f reported green algae genera decreased from 13 to 9
hereas the number of red algae genera increased from
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Table 2
Species list for red macroalgae (Rhodophyta) in the Biosphere II
ocean biome in 1992, 1996, and 2000–2002

1992 1996 2004

Acanthophora spicifera X X X
Amphiroa fragilissima X X
Amphiroa rigida X X X
Amphiroa sp. X X
Botryocladia pyriformis X
Callithamnion sp. X X
Ceramium sp. X
Chondria dasyphylla X
Coelothrix irregularus X
Daysia haillouviana X X
Daysia harveyi X X
Flahaultia sp. X
Gracilaria tikvahiae X
Gelidiopsis intricata X
Haliptilon cubense X
Halymenia duchassaingii X X
Herposiphonia secunda X
Jania adhaerens X X
Jania rubens X
Mesophyllum mesomorphum X
Peyssonnelia sp. X
Polysiphonia haranensis X
Polysiphonia subtillissima X
Rhodogorgon carriebowensis X
Sporolithon sp. X
Total species 11 10 15
Total genera 8 7 14

Species present in a given survey are marked with X. 1993 and 1996
data are fromAtkinson et al. (1999)and 2002 data are from the
present study.

Table 3
Species list for brown macroalgae (Ochrophyta) in the Biosphere II
ocean biome in 1992, 1996, and 2000–2002

1992 1996 2004

Coilodesme rigida X
Dictyota cervicornis X X
Dictyota divercata X X
Dictyota linearis X
Dictyota mertensii X
Dictyota pulchella X
Ectocarpus sp. X
Lobophora variegata X
Padina sp. X X
Total species 2 4 6
Total genera 2 2 3

Species present in a given survey are marked with X. 1993 and 1996
data are fromAtkinson et al. (1999)and 2002 data are from the
present study.

Table 4
Total nitrogen and total phosphorous in the five species making up
most of the biomass in the Biosphere II ocean biome

Species Biomass N
(mg kg−1)

Biomass P
(mg kg−1)

Jania adhaerens 5000 a 69 a
Amphiroa fragilissima 4100 a 66 a
Haliptilon cubense 4300 a 128 a
Chondria dasyphylla 18000 b 381 b
Gelidiopsis intricata 13700 b 385 b
S.E.M. 1100 33
F 15.8 7.6
P 0.000 0.001

Four samples of each species were analyzed, and results were ana-
lyzed and subjected to one-way ANOVA with species as the categor-
ical variable. Values within a column followed by different letters (a
and b) are different atP < 0.05 by the Least Significance Difference
t st two
a

8 to 3.
A
a bun-
d lgae
(
a se
s
a
c d for
> up
m lgae
a

al-
c ,
2 ber
o dis-
t ies.
N the
fl s, as
e cal-
c ton
(

3

b
d
p

est. The first three species are coralline red algae, while the la
re fleshy red algae.

to 14, and brown algae genera increased from 2
plot of log of biomass of each species (Fig. 1) shows
break after the first five species. The three most a
ant species were articulated, coralline (calcified) a
Corallina):Haliptilon cubense, Amphiroa fagilissima,
ndJania adhaerans. The other two were fleshy/folio
pecies from the Ceraminales (Chondria dasyphylla)
nd Gigartinales (Gelidiopsis intricata). During the
ourse of the study, these five species accounte
95% of total biomass. Although red algae made
ost of the algal biomass, nearly as many green a
s red algae species were present.

The Shannon–Weiner Index of diversity was c
ulated for each monthly survey (Sterling and Wilsey
001), and the mean value was 0.62. The total num
f species encountered was high, but the biomass

ribution was skewed towards a few primary spec
itrogen and phosphorous levels were higher in
eshy/foliose species than in the coralline specie
xpected; because much of the biomass of the
ified forms consisted of calcium carbonate skele
Table 4).

.2. Zonation of algal species
Unlike the phytoplankton populations of the studies
y Hutchinson that led to the concept of the para-
ox of the plankton (Hutchinson, 1961), the Biosh-
ere II macrophyte populations were not uniformly
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ig. 1. Log of mean biomass for each algal species in the Bios
pelled out.

istributed. The original design of the macroco
ncluded four distinct zones: a rocky intertidal zon
eef slope, deep-water area with sand substratum

deep rocky area. It was clear during the first y
f the study that there were significant difference
lgal biomass among the zones (Kruskall–Wallis st

ic = 205.1,P < 0.001). Fewer species were found in
andy habitat, and algal populations in this area w
ot very dynamic. The majority of the species occu
nly on hard substrate as would be expected. S
lgae were clearly distributed according to depth, e

hough they occupied the same substrate type (l
tone rock) (Fig. 2). While total algal biomass wa
istributed fairly evenly across depths (Fig. 2a), the
reen algae were most abundant in the shallow a
specially those that were not accessible to herbivo
shes (Fig. 2b). During the first year, the two domina
ed algae wereH. cubense andAmphiroa fragillissima,

oth of which were found at all depths. However,A.

ragillissima clearly dominated at depths less than 4 m
Fig. 2c), whileH. cubense dominated at depths greater
han 4 m (Fig. 2d).

i
a
H
t

II ocean biome over the study. SeeTables 1–3for species lists with genu

.3. Algal biomass over time

Harvest weights of total algae and of the
ve species are shown inFig. 3. Total biomas
Fig. 3a) varied from 193 to 745 g m−2 over the stud
mean = 431 g m−2, S.E.M. = 31). Regression analy
howed there was no net increase or decrease in
iomass over the study (r2 = 0.017,P = 0.51). How-
ver, differences among sample dates were signifi
F = 13, P < 0.001). The biomass curve had peak
uly and August and low points in winter each yea
he study. From September 2002 to June 2003, a
iomass gain of 8 g m−2 day−1 was recorded. Pea
ecomposition or removal rates were nearly as ra

No one of the top five species was dominant o
he entire study. To the contrary, each exhibited
erent trends (Fig. 3b–f). H. cubense was abundan
hroughout most of the study, with peaks of biom

n May or June of each year.A. fragelissima was also
bundant throughout the study but at lower levels than
. cubense; it had peaks of biomass occurring March

o August each year. On the other hand,J. adhaer-
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F mpling omass; (b)
a a. Y-a

a tudy
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s st.
d ifi-
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w -
n
b er-
a ith
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dia-
t
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ig. 2. Distribution of biomass by depth over 10 consecutive sa
ll green algae; (c)Haliptolon cubense; and (d)Amphiroa fragilissim

ns showed a significant net increase over the s
r2 = 0.66, P < 0.001); it was scarcely present at
tart but was the dominant species by the last harveC.
asyphylla showed an opposite trend, declining sign
antly over the study (r2 = 0.67,P < 0.001).G. intricata
ecreased slightly over the study (r2 = 0.22,P < 0.05).

.4. Correlation of algal biomass with radiation
nd nutrient levels
Radiation and nutrient levels over the study are in
ig. 4. Radiation (Fig. 4a) followed a regular seasonal
attern, as expected. Nutrient levels were dynamic,

t
t
e
b

events in 2000 in the Biosphere II ocean, showing: (a) total bi
xes have different scales.

ith dissolved inorganic phosphorous (Fig. 4b), ammo
ium (Fig. 4c), and nitrate (Fig. 4d) each varying
y an order of magnitude over the study. Ov
ll, however, mean nutrient levels were low, w
itrate + ammonium at about 1�M, and dissolved inor
anic phosphorous at 0.06�M.

A correlation matrix was calculated between ra
ion, nutrients, and total algal biomass (Table 5). On
atural reefs, algal biomass is more closely rel
o the previous month’s environmental factors than
o the current month’s (the antecedent event hypoth-
sis) (Doty, 1971; Glenn and Doty, 1992), so we tested
oth concurrent environmental factors and 1-month
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Fig. 3. Biomass of the all species combined (a) and the top five individual species (b–f) at different harvest dates in the Biosphere II ocean
macrocosm. Month 1 was January 1999. Harvests were from October 1999 to October 2002.Y-axes have different scales. C.V., coefficient of
variation.
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Fig. 4. Radiation (a) and nutrient levels (b–d) in the Biosphere II ocean macrocosm. Month 1 was January 1999.

Table 5
Correlation matrix between the algal standing crop in the Biosphere II ocean biome and environmental variables

Biomass1 Biomass2 Rad NO3 NH4 DIP

Biomass1 1.00 −0.27 0.31 −0.49* −0.17 0.34
Biomass2 1.00 0.44* −0.44* −0.23 −0.34
Rad 1.00 −0.47** −0.35* −0.28
NO3 1.00 0.51** 0.39**

NH4 1.00 0.34**

DIP 1.00

Biomass1 is the standing crop of algae correlated with the concurrent month’s environmental variables. Biomass2 is the standing crop correlated
with the antecedent month’s environmental variables. Rad, radiation; DIP, dissolved inorganic phosphorous. Asterisks denote significant levels
at * P < 0.05 or** P < 0.01.
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ater column to N in biomass was 1:10.6, wherea
atio for P was 1:2.2. As biomass increased, the rat
ater column to biomass N and P decreased, as
lements became depleted from the water and inc
ated into biomass (Fig. 5).

None of the five individual species tested sho
ignificant correlations with either the current mon
r the previous month’s radiation or nutrient v
es (P > 0.05). However, there was a significant p

tive correlation betweenG. intricata andH. cubense
iomass levels over time (r = 0.65,P < 0.01) and a sig
ificant negative correlation betweenC.dasyphylla and
. adhaerans (r =−0.62,P < 0.01).

. Discussion

.1. Relation of the Biosphere II ocean
acrocosm to natural reef environments

The Biosphere II ocean macrocosm was inten
o model a tropical coral reef environment (Atkinson
t al., 1999), and it has been used to draw conc
ions about community dynamics and carbon flu
n natural reefs (Langdon et al., 2000, 2003; Broeck
t al., 2001). However, there are many different type
atural coral reef ecosystems. The Biosphere II o
iome has developed into a calcareous algal com
ity dominated by small articulated coralline red
iphonous green algae (Kelaher et al., 2003; Smi
nd Marsh, 1973). In natural reefs, these commu

ies are found in the inner, low-energy part of the r
t 2–10 cm s−1 (Atkinson et al., 1999), water motion
ay be too low to support to support large, fle

anopy seaweeds, such asSargassum spp. that dom
nate shallow areas of many tropical reefs (Carpente
nd Williams, 1993; Glenn and Doty, 1992; Larned
tkinson, 1997). The reef has maintained a high div
ity of corals (25 genera) over time (Atkinson et al.
999); but they cover only 3% of the benthos; and th
rowth might also be limited by the low water mot
f the Biosphere II ocean (Rex et al., 1995).

The mean standing density of algae (431 g m−2) is
bout half the value reported for algal-dominated

ats in other studies (e.g.,Doty, 1971; Glenn et al.,
992). Similarly,Atkinson et al. (1999)andLangdon
t al. (2003)reported community metabolism rates of
bout half the values reported for natural algal reefs.
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ight levels, which are less than half of ambient v
es, as well as water motion, undoubtedly set an u

imit on algal productivity and the size of the stand
rop in the Biosphere II ocean biome (Atkinson, 19
angdon et al., 2003). Mean nutrient levels were al

ower than on many tropical reefs (Glenn et al., 1990
arned and Atkinson, 1997).

Functionally, the Biosphere II ocean differs fro
atural reefs in two important respects. First, it
losed system, with no possibility for recruitment
ew species or replenishment of nutrients from out

he system. Second, it lacks the types of interm
te disturbances (high surf, storms, hurricanes) tha

hought to drive the succession process on natural
Connell, 1978). These characteristics might limit t
sefulness of this macrocosm in simulating natural
rocesses. However, as discussed in the following

ions, they allow us to test the importance of outs
ecruitment, nutrient turnover, and intermediate
urbances, in controlling species diversity, succes
rocesses, and biomass dynamics of macroalgae

.2. Species diversity and succession processes

Natural reef communities are characterized by h
pecies diversity (Littler and Littler, 1980; Phillips
001; Santelices, 1990). Typical reef surveys con
ucted by rambling sampling methods produce spe
hecklists of 25–50 species of macroalgae per
e.g., Doty, 1971; Smith and Marsh, 1973; Sm
981; Glenn et al., 1990; Neto, 2000; Milazzo et
004), although the species list increases as the su
rea increases. For example, 75 species were rep
ver four sites in an upwelling current off the co
f Brazil (DeGuimaraens and Coutinho, 1996), while
long the south coast of Australia, over 700 spe
ave been recorded (Phillips, 2001). The Biosphere I
cean biome is very small compared to a natural
nvironment. Hence, low species diversity could
onably be expected. However, species lists in 1
996, and 2004 all showed 28–35 species. Acc

ng to the Shannon–Weiner Index, this macrocos
bout average in species richness compared to
cosystems (mean = 31 species for a set of 486 l
ure studies), but is low in terms of species evenness,
ince it is dominated by just a few species of coralline
ed algae in terms of biomass (Sterling and Wilsey,
001).

i
L
c
t
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.

About half the number of species recorded in 1
nd 2002 were new species, not noted in the 1992
ey. In fact, the top biomass species in the present s
. cubense, was not noted in earlier surveys. Since th
ere presumably no new introductions after the bi
as closed, the appearance of new species on the c

ist indicates that not all of the species present hav
een documented. It also suggests that the abun
f individual species flucuates over time. Although
pecies list was dynamic, the Biosphere II ocean bi
as reported to be dominated by articulated cora

ed seaweeds in 1992 and 1996 (Atkinson et al., 1999),
s well as in the present survey.

Seaweed spores are normally short-li
Santelices, 1990), and the species inTables 1–3
re not considered to have dormant or resting
tages (Graham and Wilcox, 2000). Hence, it is
emarkable that this macrocosm has retained
apacity for diversity over time. This study sho
hat at least on a time scale of two decades, cont
ecruitment of new propagules (propagule press
Occhipinti-Ambrogi and Savini, 2003) from outside
he immediate reef area, as occurs continuousl
atural reefs (Santelices, 1990), is not necessary
aintain high species diversity in a model reef sys
According to the niche-diversification hypothe

Gage, 1996), high species diversity can be explain
y the existence of numerous discrete microhab
llowing many individual species to co-exist in a sm
rea, as on a coral reef (Knowlton and Jackson, 1994).
his hypothesis was supported by the Biospher
ata, which showed that nearly all the species dive
as observed on the limestone rocks. These prov
umerous sites for attachment and growth of a
pores and fragments, and provided many sep
icrohabitats with respect to light and water mot
ased on the orientation of the rock on the reef.
ontrast, more uniform environments, such as the
all and the sand bottom, supported low biodiver
nalysis of the spatial distribution of the most abund
pecies showed that their habitats were different
y depth as well as substrate type.

According to the functional form model, macro
ae go through distinct successional stages on
cal reefs (Littler and Littler, 1980). Littler and
ittler (1980) divided macroalgae into two broad
lasses based on survival strategies: opportunis-
ic forms and late-successional forms. Opportunistic
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orms tend to be rapid colonizers on newly cleared
aces, with rapid growth rates but high susceptibilit
razing due to high caloric content. Late-successi

orms tend to dominate more stable (less stressed
nvironments. They tend to be slow growing, often w
omplex life cycles, and with much structural tiss
ow palatability to herbivores, and low caloric value

This model predicts that over time reefs will te
o be dominated by late-successional forms, espec
hen grazed by herbivores, but in actuality, na

al reefs simultaneously support both opportun
nd late-successional species. This has been exp
y the intermediate disturbance hypothesis (Connell,
978), which states that a reef ecosystem is preve

rom reaching a climax state due to disturbance
ors, such as tropical storms that occur at interm
te frequencies. These storms disrupt the existing
ommunities, for example, by turning over reef rub
reating new areas to be colonized by early suc
ional species. At any given time, according to
ypothesis, a typical reef is a patchwork of habita
ifferent stages of succession, reflecting the past

ory of disturbances. Hence, all successional sta
rom pioneer to climax species, can be present on
eef at the same time.

Biosphere II lacked outside disturbances, henc
ntermediate disturbance hypothesis could not exp
he maintenance of diversity and biomass dynam
n this macrocosm. However, greater than 90% of
lgal biomass was contributed by calcified, coral
ed seaweeds that typify the late-successional s
n natural reefs (Littler and Littler, 1980). Fleshy and

oliose forms were reduced to minor components o
verall flora. The population structure was undoubt

nfluenced by the yellow tang, which feed on fle
nd filamentous algae but not on coralline red a
Wylie and Paul, 1988). Hence, the prediction of fun
ional form hypothesis with respect to herbivory w
upported.

.3. Biomass and nutrient dynamics

While the Biosphere II ocean has stabilized
coralline-red dominated system at the commu
evel, the top five species were remarkably dynamic
n terms of biomass turnover during the study. Each
pecies, as well as total biomass, exhibited several
eaks and valleys during the study; and biomass was

t
f
b
i
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nly moderately correlated with radiation, the o
nvironmental factor with a significant, positive re

ionship with biomass. Over just 44 months, and w
ut a major external disturbance,Jania adhaerens went

rom very low levels to become the dominant spec
hile Amphiroa fragilissima made up 35% of tota
lgal biomass at the beginning of the study but o
% of total biomass at the end. Although not sho
ere, species of green algae and brown algae u
ent similar fluctuations in abundance over the stu
Primary productivity was also dynamic, judging

he changes in standing biomass over time. At
iven time, biomass could change at a rate as hig
g m−2 day−1. This variability in primary productio
as not recognized in earlier community metabo
tudies in this macrocosm, which were conducted
maller time scales (Atkinson et al., 1999; Falter et a
001; Langdon et al., 2003).

Nutrient levels also showed variability over
tudy. Nitrate, ammonium, and inorganic phosp
ous each had low base concentrations but were p
uated by spikes of high concentration that quic
ecayed back to the baseline values.Atkinson et al
1999)reported similar patterns in nutrient concen
ion, hence these fluctuations appear to be a ch
eristic feature of this macrocosm. By contrast, nu
nt concentrations on natural algal reefs tend t
ore uniform (e.g.,Belliveau and Paul, 2002; Do
971; Glenn et al., 1990; Larned and Atkinson, 19),
lthough they can exhibit some spatial and temp
atchiness. Mean values of N and P were two to t

imes lower than levels required to support high p
uctivity of macroalgae on natural tropical reefs (Glenn
t al., 1999; Larned and Atkinson, 1997). Hence, fo
ost of the study the ocean was presumably nutr

imited.

.4. Paradox of the plankton applied to the
iosphere II ocean biome

The explanation for the fluctuating behavior of b
lgal biomass and nutrient levels may be found

he closed nature of the Biosphere II ocean. At
iven time, the ratio of nitrogen in the water colu
o nitrogen in biomass is about 1:10 while the ratio
or phosphorous is 1:2. Hence, production of new algal
iomass requires the death and decomposition of exist-

ng biomass to release nutrients back to the water col-
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mn. This leads to an oscillating system, with biom
nversely correlated with available nitrate in the wa
olumn. Biomass and nutrients are therefore in a
tant state of flux. The decomposition of algal biom
o release inorganic nutrients presumably takes p
n the sediments as well as the water column (Larned
nd Atkinson, 1997), but this process was not studi
itrogen appeared to the limiting nutrient for mos

he study based on ratio of nitrogen and phospho
n biomass and in the water column.

The paradox of the plankton (Hutchinson, 1961)
rew attention to the high diversity of phytoplank
nd wide population swings that occur in seemin
niform aquatic environments, which has been in
reted as evidence that the plankton never achiev
quilibrium state because they are intrinsically cha
ystems (Huisman and Weissing, 1999). Hutchinson
uggested that internal as well as external factors
rated permanent non-equilibrium conditions, wh
eep algal populations in a continuous state of fl
s Scheffer et al. (2003)show, just five species com
eting for limiting resources in a uniform environm
ill generate chaotic fluctuations in population de

ies that persist over time. Chaos is an especially li
utcome if two or more oscillating components, suc
redator–prey or nutrient depletion cycles, are pa

he system (Scheffer et al., 2003). Hence, the parado
f the plankton appears to be a possible explanatio

he fluctuating populations of the dominant specie
he Biosphere II ocean.

It is not known if there is a natural analogue to t
orm of nutrient cycling on algal reefs. Presuma
here is a more or less rapid exchange of water ac
reef flat to replenish nutrients at the seaward ed

he reef, but it is conceivable that local depletions
nhancements of nutrients levels might control pro

ivity in the inner reef.Glenn et al. (1999)found tha
he growth ofGracilaria parvispora thalli was strongly
orrelated (r = 0.91) with ammonia levels, which va
ed by a factor of 20 (0.2–4.0�M at six sites on th
nner portion of the fringing coral reef on the so
oast of Molokai, Hawaii.Scheffer et al. (2003)sug-
ested that the paradox of the plankton might app
oral reef organisms, but this has gone unrecogn

ue to the time scale needed to document oscillations

n population levels. They also pointed out that plank-
on communities can behave chaotically at the species
evel but exhibit stability at higher aggregation levels

t
n
u
u
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Scheffer et al., 2003). This was true of the macroalg
n Biosphere II, which were dominated by articula
oralline red algae from 1992 to 2002 even tho
he dominant species varied over time. Furtherm
otal biomass was correlated with radiation and nit
evels, even though the biomass of individual spe
ppeared to vary chaotically over time.

.5. Applications to reef restoration efforts and
reation of artificial reefs

Coral reefs are under increasing stress aroun
orld (Bellwood et al., 2004; Jaap, 2000), but there is
onsiderable debate about the relative importanc
ifferent stressors and how to effectively manage
estore coral reef ecosystems (Pandolfi et al., 2005).
any coral reefs are damaged by ship groundi
redging, and other physical disturbances (Yap, 2003).
hese can sometimes be repaired by artificially re
tructing the reef, by providing substrates on wh
oral and algae can grow, and by planting “live roc
r nursery-grown coral nubbins from other portion

he reef (Yap, 2003; Rinkevich, 2005), as was done i
onstructing the Biosphere II reef biome (Zabel et al.
999). The Biosphere II experience shows that ma
osm reefs, even when closed to outside introduct
re remarkably robust in maintaining species di
ity of both macroalgae and corals (Atikinson et
999) over time. In this study, the macroalgae form
elf-organizing community within the reef system, t
ffectively recycled nutrients and maintained a div
pecies composition over a period of 20 years.
esults suggest that damage on natural reefs shou
eversible through active restoration efforts.

Many coral reefs are also damaged by an o
rowth of macroalgae at the expense of corals, c
coral–algal phase shift (McManus and Polsenber

004). A phase shift can be induced either by nu
nt enrichment, which stimulates macroalgae gro
McCook, 1999; Diaz-Pulido and McCook, 2005), or
eduction of herbivory by over-fishing, which allo
lamentous, fleshy, and foliose macroalgae to prol
te and smother corals (McClanahan, 1997; McManu
t al., 2000; Edmunds and Carpenter, 2001). The rela
ive importance of these factors in influencing commu-
ity structure, and the reversibility of coral–algal shifts
nder different management scenarios, are poorly
nderstood.McManus and Polsenberg (2004)con-
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luded that there is an urgent need for studies
uantify and simulate cause and effects aspects o
hase shifts, to aid management decisions. The su
f the Biosphere II ocean biome in maintaining a fu

ioning reef community over time suggests that nutr
nd herbivory levels could be deliberately manipula

n macrocosm studies to better understand and
ge coral–algal phase shifts. Temperatures could
e manipulated to study the potential effects of glo
arming on corals and macroalage (Bellwood et al.
004). Smaller, replicated mesocosms would be be
uited to experimental manipulation than the sin
arge ocean macrocosm at Biosphere II.
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