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Coral reef degradation resulting from nutrient enrichment 
o f coastal waters is o f increasing global concern. Although 
effects o f nutrients on coral reef organisms have been 
demonstrated in the laboratory, there is little direct evi
dence o f  nutrient effects on coral reef biota in situ. The 
E N C O R E  experiment investigated responses o f  coral reef 
organisms and processes to  controlled additions o f  dis
solved inorganic nitrogen (N ) and/or phosphorus (P ) on an 
offshore reef (One Tree Island) at the southern end o f  the 
G reat Barrier R eef, Australia. A  multi-disciplinary team
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assessed a variety o f  factors focusing on nutrient dynamics 
and biotic responses. A  controlled and replicated experi
ment was conducted over two years using twelve small 
patch reefs ponded at low tide by a coral rim. Treatments 
included three control reefs (no nutrient addition) and 
three+  N  reefs (N H 4 CI added), th ree+  P  reefs (K H 2P 0 4 

added), and three +  N  +  P  reefs. Nutrients were added as 
pulses at each low tide (ca  twice per day) by remotely 
operated units. There were two phases o f  nutrient addi
tions. During the initial, low-loading phase o f  the exper
iment nutrient pulses (m ean dose =  11.5 n M N IIJ ;  
2.3 pM  P 0 4 3) rapidly declined, reaching near-back- 
ground levels (mean =  0.9 pM  N H 4 ; 0.5 pM  P 0 4 3) 
within 2 -3  h. A variety o f  biotic processes, assessed over a 
year during this initial nutrient loading phase, were not 
significantly affected, with the exception o f  coral repro
duction, which was affected in  all nutrient treatments. In 
A cropora longicyathus and A . aspera, fewer successfully 
developed embryos were formed, and in  A . longicyathus 
fertilization rates and lipid levels decreased. In the second, 
high-loading, phase o f E N C O R E  an increased nutrient 
dosage (mean dose =  36.2  pM  N H |;  5.1 pM  P 0 4 3 de
clining to means o f 11.3 pM  N H 4 and 2 .4  p M  P 0 4 3 at 
the end o f  low tide) was used for a further year, and a 
variety o f  significant biotic responses occurred. Encrusting 
algae incorporated virtually none o f  the added nutrients.
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Organism s containing endosymbiotic zooxanthellae (cor
als and giant clam s) assimilated dissolved nutrients rap
idly and were responsive to added nutrients. Coral 
m ortality, not detected during the initial low-loading  
phase, became evident with increased nutrient dosage, 
particularly in Pocillopora damicornis. N itrogen additions 
stunted coral growth, and phosphorus additions had a 
variable effect. Coral calcification rate and linear 
extension increased in the presence o f  added phosphorus 
but skeletal density was reduced, making corals more 
susceptible to  breakage. Settlem ent o f  all coral larvae was 
reduced in nitrogen treatments, yet settlem ent o f  larvae 
from brooded species was enhanced in phosphorus treat
ments. Recruitment o f  stomatopods, benthic crustaceans 
living in coral rubble, was reduced in nitrogen and nitrogen 
plus phosphorus treatments. Grazing rates and reproduc
tive effort o f  various fish species were not affected by the 
nutrient treatments. M icrobial nitrogen transformations 
in sedim ents were responsive to nutrient loading with ni
trogen fixation significantly increased in phosphorus 
treatments and denitrification increased in all treatments 
to which nitrogen had been added. R ates o f  bioerosion and 
grazing showed no significant effects o f  added nutrients.

E N C O R E  has shown that reef organisms and processes 
investigated in situ  were impacted by elevated nutrients. 
Im pacts were dependent on dose level, whether nitrogen 
and/or phosphorus were elevated and were often species- 
specific. The im pacts were generally sub-lethal and subtle 
and the treated reefs at the end o f the experim ent were 
visually sim ilar to control reefs. Rapid nutrient uptake 
indicates that nutrient concentrations alone are not ade
quate to assess nutrient condition o f  reefs. Sensitive and 
quantifiable biological indicators need to be developed for 
coral reef ecosystem s. The potential bioindicators identi
fied in E N C O R E  should be tested in future research on 
coral reef/nutrient interactions. Synergistic and cumula
tive effects o f  elevated nutrients and other environmental 
parameters, comparative studies o f intact vs. disturbed 
reefs, offshore vs. inshore reefs, or the ability o f  a nutrient- 
stressed reef to respond to natural disturbances require 
elucidation. An expanded understanding o f  coral reef re
sponses to anthropogenic impacts is necessary, particu
larly regarding the subtle, sub-lethal effects detected in the 
E N C O R E  studies. ©  2001 Published by Elsevier Science 
Ltd.

Introduction
C oral reefs are am ong the m ost spectacular m arine 
ecosystems on  the  planet. They are renow ned fo r their 
biological diversity and  high productivity. In  addition  to  
their beau ty  and  biological value, coral reefs contribute 
to  th e  econom ies o f a t  least 1 0 0  nation  states and  the 
livelihoods o f  over 100 m illion people. Regions like the 
G rea t B arrier R eef and  the C aribbean reef systems 
contribu te billions o f dollars to  their local economies. 
D espite their beau ty  an d  im portance, coral reefs have

been identified as one o f the m ost threatened  m arine 
ecosystems (G oreau, 1992; Sebens, 1994; W ilkinson and 
Buddemeier, 1994; B ryant and Burke, 1998; W ilkinson, 
1998; H oegh-G uldberg, 1999). The loss o f viable reefs 
w ould have m ajor consequences fo r the econom ies of 
m any small island nations in the  Pacific and  Indian  
oceans and the C arribean. Econom ic im pacts w ould 
alm ost certainly be seen in term s of declining fish p ro 
duction, loss o f tourism  and am enity values. Reefs also 
p ro tec t and stabilize coastlines. Hence, their loss could 
have drastic consequences in the longer term  because of 
coastal destablization and the loss o f  o ther associated 
hab ita ts  like m angroves and  seagrasses.

A nthropogenic im pacts are the cause o f the decline in 
the ‘hea lth ’ o f reefs in m any areas o f the w orld (W il
kinson and Buddemeier, 1994). Increasing urbanization  
o f  coastal areas, o ften  associated w ith loss o f  im portan t 
coastal hab itats (e.g. forests, coastal w etlands) and  in
creased intensive agricultural activities in the nearby 
catchm ents have led to  increases in the ra te  o f  land 
runoff, which is often loaded w ith sedim ent and  nu tri
ents from  fertilizers which are then  discharged into 
coastal w aters after heavy rains. F o r example, D em ou- 
get (1989) estim ated th a t 1000 t o f sedim ent were carried 
in to  the lagoon o f  T ahiti annually  w here extensive reefs 
occur. U ntreated  sewage is also typically discharged into 
coral reef lagoons in m any developing countries. These 
same reefs m ay also be subjected to  overfishing, and 
physical rem oval o f the reefs to  form  m arinas or ports, 
and  construction  o f m ajo r tou rist complexes. C oral reefs 
are im portan t tou rist attractions and  loss o r decline in 
the ‘health’ o f these reefs m ay have im portan t econom ic 
consequences for m any countries. All these an th ropo 
genic im pacts have the potential to  degrade coasta l coral 
reefs.

Increasing nu trien t inputs and associated sediment 
loads have been hypothesized as having the poten tia l to  
seriously im pact coral reefs (C ortes and Risk, 1985). 
D espite its im portance, ou r understanding o f  how  in
creasing nu trien t loads im pact on  coral reefs is surpris
ingly limited. T he coral reef literature contains many 
accounts o f coral reef degradation  associated w ith  de
clining w ater quality (e.g. Banner, 1974; Sm ith et al., 
1981; W alker and  O rm ond, 1982; Tom ascik and  Sander, 
1985; H ughes, 1994; Sebens, 1994; H udson  e t a l ,  1994). 
W hile convincing, the com plex natu re  o f  the inputs to  
coastal areas such as industrial and dom estic effluents 
and  runoff from  land, however, has m ade it difficult to  
identify the com ponents (e.g. nutrients, sediment, heavy 
m etals) th a t are specifically responsible fo r the reported  
changes. This has hindered progress tow ards identifying 
the  factors th a t are m ost dam aging to  coral reefs and 
hence the developm ent o f m anagem ent strategies tha t 
target the sources o f im portan t com ponents.

Increased nutrients are considered to  be a m ajo r fac
to r  responsible fo r deteriorating w ater quality on  coral 
reefs. In  F lorida (USA) for exam ple, a  m ulti-agency 
taskforce has recently announced a  m ajo r p rogram m e of
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$7.8 billion over 20 years to  im prove w ater quality 
surrounding  the F lo rida reefs, F lorida Bay and the 
Everglades (Causey, 1999). Similarly in H ong  K ong the 
m ajo r decline o f  reefs w ithin the harbour has been a t
tribu ted  to  increased nu trien t loads (Scott and  Cope, 
1990; M orton , 1994). In  Jak arta  Bay, Indonesia, reefs 
have been degraded along a  gradient away from  Jak arta  
and rivers drain ing the catchm ents inland from  Jakarta  
(Tom ascik et al., 1997). Reefs close to  the coast and 
Ja k arta  have becom e progressively m ore eu trophic and  
now include alm ost no  live coral. F urther offshore, reefs 
are in  better condition  b u t signs of decline are evident 
(Tom ascik et al., 1997).

While increasing nu trien t loads have been recognized 
as a m ajo r th rea t to  reefs, the actual ways in which 
reefs respond to  these increases are poorly understood  
(Brown an d  H ow ard, 1985; H atcher et al., 1989; G rigg 
and  D ollar, 1990; M cC ook et al., 1997). A few studies 
have used existing sewage discharges on the reef, such 
as those in  K aneohe Bay, H aw aii (Smith et al., 1981; 
Grigg, 1995) or defined eu trophication  and  pollu tion  
gradients (Tom ascik and  Sander, 1985, 1987a,b). 
M onitoring  o f such n a tu ra l experiments and  docu
m enting effects on  the ecology o f the systems studied as 
nu trien t levels increased have led to  the hypothesis th a t 
nu trien t levels profoundly  affect coral reef ecosystems. 
A p art from  the in situ  nu trien t enrichm ent experim ents 
o f K insey (Kinsey an d  D om m , 1974; Kinsey and 
Davies, 1979), m ost studies have been confined to  
labora to ry  experim ents, w hich give limited insights into 
the ways in  which reefs respond to  elevated nutrients 
(e.g. H oegh-G uldberg  and  Smith, 1989; H un te  and 
W ittenberg, 1992; Yellowlees et al., 1994; H oegh- 
G uldberg, 1994).

There has been concern for som e tim e abou t in 
creasing n u trien t loadings to  the G reat Barrier R eef 
(GB R), A ustralia (e.g. Bennell, 1979; Bell, 1991; Kinsey, 
1991) based on: (i) rap id  increases in  the num ber o f 
tourists visiting the G reat Barrier Reef and associated 
developm ent o f resorts on the reef, (ii) increasing u r 
ban ization  along the Queensland coast during the 
1980s-1990s, (iii) continuing intensive agricultural de
velopm ent and (iv) loss o f wetlands. In  the period since 
E uropean settlem ent (~1850) the  coastal catchm ents 
adjacent to  the G B R  have experienced alm ost com plete 
agricultural and  u rb an  developm ent w ith only 17% of 
catchm ents now  considered to  be in a natu ra l condition  
(G ilbert, in press). M odelling based on catchm ent land- 
use provides estim ates th a t the flux o f nitrogen and 
phosphorus to  the G rea t B arrier R eef lagoon has in 
creased ab o u t 4 tim es since E uropean settlem ent, from  
some 2500 tonnes o f  P  in  1850 to  ab o u t 10 000 tonnes in 
1991 and  from  abou t 17000 t  o f N  in 1850 to  around  
70 000 t  in 1991 (M oss et al., 1992; Neil and  Yu, 1996). 
W hile the inshore reefs o f  the G B R  are m ost im pacted 
by terrestrial runoff o f  concentrated nu trien t pulses, the 
river plum es m ay a t tim es reach parts  o f  the ou ter G B R  
reefs (Brodie, 1996).

W ater quality, and particularly  nu trien t pollution, is 
now  considered to be o n e  of the principal ‘critical issues’ 
facing the long-term  ecological functioning o f  the G BR 
(W achenfeld et al., 1998). Recently published w ork 
claims m uch o f the G B R  is already in an  eutrophic 
condition (Bell and E lm etri, 1995) while o ther w ork 
identifies nu trien t po llu tion  problem s as confined to  the 
inshore G B R  and n o t yet affecting the offshore reefs 
(Brodie et al., 1997; W achenfeld et al., 1998). As is the 
case fo r m any reef system s worldwide, the G B R , and 
particularly  the inshore coral reefs o f the G B R , is under 
m ultiple stresses, fo r example from  fishing pressure 
(W achenfeld et al., 1998) and w idespread bleaching 
(H oegh-G uldberg et al., 1996; H oegh-G uldberg, 1999; 
Berkelm ans and Oliver, 1999) as well as terrestrially 
sourced pollution.

The G rea t B arrier Reef M arine P ark  A uthority  
(G B R M PA ) com m enced an integrated research and 
m onitoring  program m e in 1991 as a  result o f  concerns 
a b o u t the effects o f possible eu trophication o f  the GBR. 
R esearch has focused on: (i) the sources o f  nutrien ts and 
o th er po llu tants in  th e  catchm ent o f  the G B R , (ii) the 
transpo rt, dispersion an d  physical fate o f  sedim ents and 
nutrien ts in the coastal G B R , (iii) the effects o f increased 
sedim ents and nu trien ts on organism s and ecosystems of 
the G B R , (iv) identifying organism  o r com m unity re
sponse factors which could be used as indicators of 
ecosystem  degradation , and (v) techniques to  reduce 
sedim ent and  nu trien t loads or m itigate their effects. The 
E N C O R E  (Enrichm ent o f N utrien ts on  a  C oral Reef 
Experim ent) study was initiated in 1991 as a large 
com ponent o f the th ird  and fou rth  objectives o f  the re
search program m e. N u trien t enrichm ent o f  patch  reefs 
a t One Tree Island began in Septem ber, 1993 (Steven 
and  L arkum , 1993).

A  central paradigm  fo r coral reefs is th a t their p ri
m ary  producers (principally algae) are lim ited by nu
trien t supply (principally nitrogen and  phosphorus) and, 
m ost im portantly , th a t any increase in the nu trien t 
supply to  reefs increases the grow th and therefore the 
standing  crop o f algae. The standing crop w ould depend 
on  grazing rates o f herbivores. The general acceptance 
o f  this paradigm  has led to  the im portan t expectation 
th a t w ith  increased n u trien t supply, e.g. from  u rban  and 
agricultural runoffs, algae would out-com pete corals, 
leading to  a  shift from  coral- to  algal-dom inated reefs. 
W hat we still do  no t know  is the levels o f n u trien t pol
lu tion  required to  elicit a significant grow th response 
from  algae.

This paradigm  was tested in  the E N C O R E  project 
using replicated in situ experiments a t ecologically rele
v an t scales. C oral patch  reefs were perturbed  in a de
fined m anner, using controlled additions of nitrogen 
an d /o r  phosphorus, and  the responses o f a  range of 
b io ta  and abiotic param eters were m easured in  the ex
perim ental patch  reefs (Larkum  and  Steven, 1994). 
E N C O R E  is the first replicated experim ental study done 
in the field to  measure the im pacts o f  nu trien ts on coral
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reefs a t ecological relevant scales and  will therefore be o f 
great value to  reef m anagers. This paper presents a 
synthesis o f the m ajor results from  the E N C O R E  
project.

Methods
S tudy area

One Tree Island (23°30/S, 152°06,E) is located 70 km 
off the Q ueensland coast a t the sou thern  end of the 
G reat Barrier R eef (Fig. 1). I t  is a  small platform  reef 
(4.7 X 2.7 km ) w ith an  em ergent crest and  three sepa
ra te  lagoons. The m ain  lagoon is about 10 km 2, and is 
to ta lly  enclosed by a continuous reef. The eastern crest 
is 0.4 m  higher th an  the o ther sides, owing to  the buildup 
o f ephem eral shingle and  rubble banks. T he lagoon 
contains m any patch  reefs -  isolated and  roughly cir
cular reefs -  dom inating  the eastern and north-eastern 
sections, and  reticulate reefs th a t fo rm  a complex maze 
in  the central an d  western sections. Low  tide depths in 
the lagoon vary between 3 and  6  m  along the eastern 
side, and  5 and 7 m  along the north-w estern wall. Tides 
are sem i-diurnal w ith a m ean spring range o f 2.1 m. The 
continuous reef crest isolates the lagoon from  swell and 
tidal inputs for up  to  5 h on  each tide, when w ater is 
ponded. W ater is trapped  inside the reef as the outside 
tide falls and rem ains there during the extended slack 
w ater period. Exchange w ith the ocean is therefore 
lim ited to  h a lf the tidal cycle.

Estim ated residence tim es o f  lagoon w ater are be
tween 0.5 and 5 days (H atcher and F rith , 1985). Ex
change rates are independent o f the initial am ounts o f 
w ater entering the lagoon, b u t vary spatially and tem 
porally  according to  the p o in t o f entry  and the w ind tide

and swell conditions (F rith  and M ason, 1986). Overall 
w ater m ovem ent is w indw ard to  leeward.

A t 23°S One Tree R eef is n ea r the southern  extrem e o f 
coral ree f form ation in  the G reat B arrier R eef and 
subject to  pronounced  seasonal variation  (Kinsey, 
1979). D uring  the course o f  E N C O R E  m ean sea surface 
tem peratures (SST) closely followed air tem peratures. A 
m inim um  o f  18.2°C occurred  in  late July and  the highest 
m ean SST o f  30.4°C w as recorded in late January  and 
F ebruary . Tem peratures greater than  33°C were re
corded in O ctober, 1994 and January  1996, when 
w idespread bleaching (i.e. loss o f zooxanthellar pig
m ent) occurred. C loud cover was greatest from  
D ecem ber to  M arch in  all years. W inds were predom i
nantly  from  the sou th-east although north-easterlies 
were com m on in the  sum m er m onths. T otal annual 
rainfall varied between 1084 m m  in 1995 and  2638 mm 
in 1993. O ver 700 m m  fell in  January  1993, following the 
passage o f  T ropical Cyclone Oliver. Salinities within 
One T ree reef lagoon are 35.6-35.7%r (Kinsey, 1979).

Structure o f  experimental patch reefs
W ithin  the patch  reefs m ost o f the corals and algae 

were d istribu ted  along the inside wall. M ean cover of 
live scleractinian corals on the walls ranged from  6 %  to 
26% , the m ost abundan t coral colonies were encrusting 
(Porites lichen, P. murrayensis, Goniopora tenuidens, 
Favites abdita, Platygyra sinensis, Goniastrea retiformis) 
and sm all branching species (Acropora bushyensis, A. 
palifera, Pocillopora damicornis, Stylophora pistillata, 
Seriatopora hystrix). Coralline algae (Lithophyllum  spp, 
Porolithon spp) covered up  to  12% o f the walls. Some 
calcareous m acroalgae form ed rhodoliths. M acroalgae, 
m ainly Laurencia spp, Chlorodesmis fastig ia ta , Turbi-

One Tree Island Reef M

23°27S

152°06'E

Australia

-J-Great 
s Barrier 

Reef

ENCORE patch reefs

1 km

lagoon

23°30S

R esearch
station

ii

152°E

F ig . 1 M a p  o f  lo ca tio n  o f  O ne T ree  Is lan d  o n  th e  so u th e rn  en d  o f th e  
G re a t B arrie r R eef show ing  th e  research  s ta tio n  a n d  location  o f  
E N C O R E  experim ental p a tch  reefs.
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naria ornata and  Caulerpa spp were seasonal, b u t low in 
cover (~ 2 % ). The epilithic algal com m unity (EAC) 
covered all o ther substrata.

The floor o f  the patch  reefs was predom inantly  sand 
(40-60% ) w ith small ou tcrops o f  dead coral substrate 
covered in  biota. C oral cover o f the floor varied from  
5%  to 18% and  was m ainly stands o f branching corals 
such as A. grandis and A. pulchra. P lastic racks holding a 
variety o f coral, soft coral and  algal species transplanted 
from  adjacent areas (see L arkum  and  Steven, 1994 for 
project details) were placed o n  th e  floor.

The height (h) o f the patch  reef walls varied from  0.5 
to  0.9 m. Projected surface areas o f the patch-reef walls 
and  floors varied between 37 and  56 m 2  and  90 and 
779 m2, respectively. The to ta l surface area enclosed 
w ithin the atolls varied from  107 to  827 m 2. W ater 
volume contained w ithin the patch  reefs varied from  27 
to  323 m 3  . Volume to  to ta l surface area ratios ranged 
from  0.30 to  0.64 m  (Table 1).

Experim ental design
The studies sum m arized in  this paper, except the ex

perim ents w ith coral gam etes done in  the laboratory , 
were done w ithin the fram ew ork o f  E N C O R E  con
ducted  in the lagoon o f  O ne T ree Reef. D etails o f the 
purpose, research program m e and  experim ental design 
o f  E N C O R E  are given in L arkum  and  Steven (1994). 
Briefly, 12 patch  reefs o f  sim ilar size, volum e and ben- 
thic com position were used as na tu ra l replicated sub
systems (Table 1). D uring  low tide the  perim eter o f each 
patch reef isolates a  shallow  poo l (<  1 m) fo r 2.5-3 h 
from  the surrounding lagoon -  thus form ing clearly 
defined boundaries. Twice daily, during each low tide 
three patch  reefs each received one o f four treatm ents:
•  no nutrients were added (‘co n tro l’, C),
° inorganic nitrogen was added  as N H 4 CI (+ N ),
•  inorganic phosphorus was added  as K H 2P O 4 (+P ),
•  both  nitrogen and phosphorus were added (+ N  +  P). 
O rganism s -  either growing naturally  w ithin the patch 
reefs, o r transp lan ted  in to  the p a tch  reef pools -  were 
thus m aintained under n a tu ra l environm ental condi
tions, b u t subjected to  nutrient-enriched w aters during 
low tide in  the nine nutrient-enriched patch  reefs.

Nutrient additions
The 30-m onth experim ent was divided into a low 

nutrien t loading phase (Septem ber 1993-December 
1994), followed by a  higher loading phase (January 
1995-February 1996). D uring  the low -loading phase, 
concentrated  nitrogen an d  phosphorus were added a t 
the beginning o f every low  tide  as a  single pulse to  the 
w ater body contained w ith in  the p a tch  reefs to  achieve 
initial concentrations o f  10 pM  N H 4- N  and 
2 pM  PO 4 -P . D uring the h igh-loading phase, nutrients 
were added 3 tim es a t regu lar intervals (~37  m in apart) 
every low tide to  sustain elevated concentrations of 
20 pM  N H 4 - N  and  4 uM  P 0 3“- P  th roughou t the 
ponding period. D uring  b o th  phases, the nine patch
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reefs (+ N , + P , + N  +  P) receiving nu trien t additions 
were near-sim ultaneously fertilized every low tide by 
telem etrically controlled nu trien t dispensing units 
(N D U s) -  m oored  adjacent to  each patch  reef. N D U s 
discharged concentrated nu trien t along several PVC 
lines w ith outlets spread th roughou t the pools o f  the 
p a tch  reefs (M cGill and Steven, 1994; K o o p  et al., 
2001 ).

Nutrient loading
R egular m onitoring  o f nu trien t levels was done during 

b o th  low- and high-loading phases o f the experim ent to 
validate th a t desired nutrient levels were being achieved. 
These results and the mass transfer relationships are 
detailed in  Steven et al. (unpub. da ta) and  Steven and 
A tk inson  (unpub. data). W e sum m arize the m ajor 
findings o f this m onitoring to  dem onstrate  th a t the n u 
trien t levels were being achieved and  actively assim ilated 
by the  patchreef com munity.

Low-loading phase
Ammonium. In  contro l and  + P  patch-reefs am bient 

concentra tions o f  N H 4- N  averaged 0.65 ±  0.69 pM  
(range 0.08-4.04 -  Table 2). O n all sam pling events 
N H 4 - N  concentrations in contro l an d  + P  patch-reefs 
declined over the low-tide period indicating up take by 
the patch-reef com m unity (Steven et al. unpub. data). 
A m m onium  uptake rate constants (5n) varied from  12 
to  130 X IO” 6  m  s"1.

The to ta l loading to  am m onium -enriched patch  reefs 
over the 465 days o f the low-loading phase o f E N C O R E  
varied from  378 to  1075 moles N  (Table 1). This vari
ation  in loading resulted prim arily  from  differences in 
patch-reef volume b u t also small differences in  fertil
ization  success. The initial threshold criteria concen tra
tio n  o f 10 pM  N H 4- N  was achieved, and  exceeded 
except on  w indy days. Over all sam pling events, initial 
N H 4- N  concentrations averaged 1 1 .4 5 ± 4 .8 5 p M  
(range 2.03-19.76 -  Table 2). Im m ediately after the 
n u trien t addition  ( 1 0  m in), the concentrations o f the 
th ree replicates varied greatly as the nutrien ts discharged

from  the 4 o r 8  ou tle ts  had  yet to  disperse. N H 4-N  
concentrations were depleted  over the low-tide period to  
concentrations sim ilar to  am bient, averaging 
0.91 ± 0 .7 9  pM  N H 4- N  (Table 2).

B oth the initial N H 4- N  concentration  and subsequent 
depletion depended p rim arily  on  prevailing w ind speed 
and  to  a lesser ex ten t direction. O n m oderately windy 
days (2.5-8.2 m  s_J),  N H 4- N  was rapidly m ixed -  as 
seen by decreasing variance -  th ro u g h o u t the patch-reef 
w ithin 10 min. D ep le tion  o f N H 4- N  was rap id  and  after 
1 h concentrations w ere close to  am bient. O n very still 
days (<  2.5 m  s " ‘)N H 4- N  concentrations were initially 
patchy, often exceeded desired concentrations, and  had 
low depletion rates. A t  wind speeds o f  greater than 
10 m  s_ 1  initial concentra tions o f N H 4- N  were below 
10 pM  and rapidly declined to  am bien t concentrations 
w ithin 10 m in. U nder these conditions some, o r m ost o f 
the N H 4- N  was p robab ly  advected either th rough  or 
over the patch  reef walls and lost. A t wind speeds less 
than  10 m s -1 , 5n varied between 22 and  241 x 
IO- 6  m  s- 1  and  was positively related to  wind speed. Sn 
differed significantly a t w ind speeds greater than  
10 m  s- 1  suggesting th a t some o r m ost o f the N H 4- N  
depletion was physical loss rather th an  biological 
uptake.

Phosphorus. P 0 4- P  concentra tion  in + N  and contro l 
patch reefs averaged 0.2 ±  0.06 pM  with a  range of 
0.1-0.64 pM  (Table 2). Over low tide, P 0 4- P  concen
trations often becam e depleted, b u t sometim es increased 
probably resulting from  efflux from  the sedim ent (Steven 
et al. unpub. data).

Phosphorus-enriched patch  reefs received 46-255 
moles P during the low-loading phase o f E N C O R E  
(Table 1). Over all sam pling events, initial P 0 4- P  con
centrations averaged 2.34 ±  0.98 pM  P 0 4- P  -  m eeting 
the 2 pM  P 0 4- P  -  criteria and  ranged from  0.92 to  4.48 
pM . F inal P 0 4- P  concentrations -  m easured ju s t before 
the patch  reefs were covered by the rising tide -  were 
nearly threefold (0.52 ±  0.32 pM ) greater th an  am bient 
(0.2 ±  0.06 pM ) indicating th a t n o t all o f the P 0 4-P

T A B L E  2

Sum m ary  sta tistics  o f  average in itia l a n d  final n u tr ie n t co n cen tra tio n s  (jiM ) o f  n itrogen  a n d  p h o sp h o ru s  in  E N C O R E  p a tch  reefs.a

T rea tm en t N itro g en P h o sp h o ru s

n M ea n  N H 4 M e a n  N O x M ean  D IN n M ea n  P 0 4 D iss N :P

In itia l concentration
C o n tro l 214 0.65 (0.69) 2.94 3.59 216 0.20 (0.06) 14.70
L ow -load ing  phase 48 11.45 (4.85) 2.94 14.39 47 2.34 (0.98) 6.15
H ig h -lo ad in g  phase 12 36.20 (21.87) 2.94 39.14 12 5.14 (2.81) 7.61

Final concentration
C o n tro l 214 1.34 (0.57) 2.94 4.28 216 0 .1 6 (0 .0 4 ) 26.75
L ow -load ing  phase 48 0.91 (0.79) 2.94 3.85 48 0.52 (0.32) 7.40
H ig h -lo ad in g  phase 12 11.30(10 .20) 2.94 14.24 11 2.40 (1.61) 5.93

a D a ta  a re  calcu la ted  from  all m easu rem en ts  o f  n u trien ts  in  c o n tro l p a tc h  reefs a n d  from  all m easurem ents from  p a tc h  reefs to  w hich n itro g en  (i.e. 
+  N  a n d  + N  +  P) a n d  p h o sp h o ru s  (i.e. + P  a n d  + N + P )  w ere  ad d ed . R elevan t n itro g en -to -p h o sp h o ru s  ra tio s  a re  a lso  show n.
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were taken  up  in  the available 2.5-3 h  (Table 2). As w ith 
N H 4 -N , initial P 0 4- P  concentrations and  subsequent 
depletion depended upon  the prevailing wind-speeds. 
P hosphorus up take constants (5p) ranged from  9 to 
214 X IO" 6  m  s“ 1.

High-loading phase
Am m onium. A m bient concentrations in  contro l and 

+ P  patch  reefs were 1.34 ± 0 .5 7  pM  an d  ranged from  
0.73-5.80 pM  N H 4 - N  (Table 2). A m m onium -enriched 
patch reefs received between 2097 an d  5977 m oles N  
over the 430 days o f the high-loading phase (Table 1). 
In itia l concentrations o f 20 pM  N H 4 - N  were m et and 
exceeded (Table 2). C oncentrations increased w ith each 
nu trien t add ition , and  final concentrations -  recorded 
usually after the th ird  nutrient add ition  -  averaged 
36.21 ± 2 1 .8 7  pM  N H 4- N  (Table 2). A lthough  signifi
can t depletion had occurred by the  end  o f  low tide, 
N H 4- N  concentrations were elevated relative to  am bi
ent, averaging 11.3 ±  10.20 pM  N H 4 - N . N H 4  concen
tra tions during  the high-loading phase were sustained 
for the d u ra tio n  of low tide, rather than  pulsed as in  the 
low-loading phase. A lthough N H 4- N  concentrations 
during this phase o f E N C O R E  were threefold  those o f 
the low -loading phase, >SN were sim ilar, averaging 
127 ±  82 s X IO- 6  m s- 1  and ranging from  26 to  352 x  

IO“ 6  m s ' 1 .

Phosphorus. A m bient P 0 4- P  in  contro l and  + N  
patch  reefs averaged 0.16 ± 0 .0 4  and  ranged from  0.08 
to  0.46 pM  (Table 2). Phosphorus-enriched patch  reefs 
received 245 to  1380 moles P (Table 1). P 0 4- P  concen
tra tions rose w ith each successive nu trien t addition, 
reaching an  average m axim um  concentra tion  of 
5.14 ± 2 .8 1  pM  P 0 4 - P ,  and subsequently declining to 
an  average 2.40 ±  1.61 pM  P 0 4  - P  a t th e  end of the low 
tide (Table 2). Sp values during the high-loading phase 
ranged from  25 to  190 x  IO- 6  m  s- 1  and  averaged 
8 8  ± 5 1  x  IO“ 6  m  s“ 1.

D aily loads io patch reefs
T ota l daily loads o f nu trien ts to  experim ental patch  

reefs are show n in Table 3. Clearly, the  am ount o f  n u 

trients added d u rin g  E N C O R E  increased the loads of 
bo th  N  and P  to  the reefs considerably over back
ground.

M ethods used in  individual projects o f the E N C O R E 
study are sum m arized in Table 4.

Results and Discussion
Processes

Nutrient dynam ics in patch reefs. T he nutrien t data 
indicate th a t patch  reefs showed first-order up take ki
netics. R ate constan ts  are consistent w ith those calcu
lated by mass tran sfe r and reported  in  the literature 
(Bilger and A tk in son , 1985; Steven and  A tk inson  un
pub. data), ind icating  m axim um  up take rates and  little 
loss to  the su rround ing  water. This is supported  by the 
fact th a t we m easured  decreases in  n u trien t concentra
tions in control p a tch  reefs w ith final concentrations less 
th a n  those in  su rround ing  w aters (see above; Steven et al. 
unpub. data).

M easurements o f  15N  uptake. R ap id  15N H 4 uptake 
and  assim ilation w ere m easured in  organism s th a t ac
tively pum p w ater such as the clam  Tridacna m axim a  
(0.17-1.74 pg 15N  c m - 2  minT1), o r those with high sur
face area/volum e m orphologies: the red m acroalga 
Laurencia intricata (2.5^4.16 pg 15N  cm - 2  m in-1), and 
the branching endosym biotic corals Acropora palifera , 
A . pulchra and Pocillopora damicornis (0.1-0.38 pg 
15N  cm - 2  m in-1). In  contrast, low rates o f uptake 
(<  0.3 pg 1SN  cm ' 2  m in -1) were m easured in  sponges, 
sediments, epilithic algal plates and  red  algal rhodoliths. 
A ssim ilation o f  15N H 4 by endosym biotic corals and 
clam s was prim arily, b u t no t exclusively, in  zooxan- 
thellae. U ptake ra tes  were related to  loading: a t 
120 pM  N H 4-N  u p take rates o f b io ta  were 2-4-fold 
greater than  a t 40 pM  N H 4-N  (Table 5).

Nitrogen fixation/denitrification. D uring  the initial, 
low-loading phase o f  E N C O R E  nitrogen fixation in 
trea tm en t patch  reefs w as no t significantly different from 
contro l patch  reefs, although nitrogenase activity in ± N  
and  + N  +  P  patch  reefs was consistently lower than  in

T A B L E  3

C o m p a riso n  o f  e stim ated  daily  loadings o f  in o rg an ic  N  a n d  P fo r am b ien t, low -load ing  p h ase  an d  h igh -load ing  p h a se  o f  th e  E N C O R E  study .3

D u ra tio n  (h)

N u tr ie n t added

N itro g en P ho sp h o ru s

C o n cen tra tio n  
(m m ol m -3)

L o ad in g  
(m m ol m -2 d ay -1)

C o n cen tra tio n  
(m m ol m -2 m “1

L oad ing  
) (m m ol m -2 d a y -1)

A m bien t 18 0.65 6.2 0.2 0.8
L o w  lo ad 6 11.45 13.0 (2.1) 2.34 2.1 (2 .6)
H ig h  lo a d 6 36.2 41.0 (6 .6) 5.12 8.0 ( 10.0)

a N u m b e rs  in  p a ren th eses  in  load ing  co lum ns a re  th e  n u m b e r o f  tim es am b ien t lo ad s  w ere  exceeded. A m b ien t co n d itio n s  w ere assum ed  to  be
0.65 p M  N H 4 -N  a n d  0.2 pM  PO4-P w ith  a  w a te r  velocity  o f  10 m  s -1 fo r a  p e rio d  o f  18 h  (to  tak e  accoun t o f  a n  average o f  3 h  e ach  low  tid e  w hen 
the  O n e  T ree  Is lan d  lag o o n  is separa ted  from  th e  ocean).
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T A B L E  4

S um m ary  o f  m ethods used  in the  various studies o f  th e  E N C O R E  experim ent a t  O ne T ree  Is la n d , sou th ern  G re a t B arrie r Reef.

P a ram ete r M ethod R eferences

N u trien t additions/analyses  
N u tr ie n t a d d itio n  to  p a tch  reefs

N u tr ie n t sam pling  in  p a tc h  reefs

N u tr ie n t co n ce n tra tio n  m easurem ents

N u tr ie n t u p ta k e  b y  p a tc h  reefs

15 N  u p ta k e  b y  o rgan ism s 
E lem ental ra tio s

Coral grow th  
L in ea r ex tension  
C alcification  
In ju ry  rep a ir

Skeleta l bu lk  density  a n d  m icro-density
T issue m orp h o lo g y
S o ft co ra l m e tab o lism  in  co m p e titio n

Stress level in  so ft co rals  
Soft co ra l C N P  ra tio s

Coral reproduction  
C o ra l fecundity

C ora l gam ete  fe rtiliza tio n  trials 

C o ra l la rv a l se ttlem en t trials

R ecru itm en t s tu d ies  a n d  s p a t g row th  
o f  co rals
L ip ids in  c o ra l tissues
S o ft co ra l m e ta b o lism  a n d  co m p e titio n

S o f t co ra l C N P  ra tio s

E pilithic algal com m unity  
15 N  tracer

N itro g e n  fixa tion  
D en itrif ica tion  
B iom ass m easu rem en ts

N u tr ie n t u p ta k e  ra te s

C a rb o n  p ro d u c tio n

M acrophytes  
P ro d u ctio n  o f  rh o d o lith s  
N u tr ie n t u p ta k e  o f  fleshy algae 
C h lo rophy ll (a +  b  +  c) analyses 
fo r  E A C

G iant clams
C lam  b io m ass, h aem o ly m p h  &  n u trien t
m easu rem en ts
A m in o  ac id  de te rm in a tio n

Bioerosion
M ac ro  boring , acc re tio n  an d  g raz ing

T elem etrically  co n tro lled  doses o f  n u trien ts  ad d ed  by N u tr ie n t 
D ispensing  U n its
W a te r  sam ples w ere  tak en  by  p u m p in g  from  th re e  ran d o m  
loca tions in  each  p a tc h  re e f
M easu rem en t o f  N H 4-N , NO* a n d  P O ^ - P  u s ing  s tan d a rd  
spec tro p h o to m etric  techn iques
U p tak e  ra te  co n stan ts  w ere  co n v erted  to  tra n s p o rt ra tes  
p e r un it p la n a r  su rface a re a  o f  re e f
In cu b a tio n  w ith  ad d ed  15 N  a n d  analysis  by  m ass  spec trom etry  
Sam ples w ere  d ried  a n d  analysed  o n  a  P e rk in -E lm e r C H N S  
2400 e lem ental analy ser

S tain ing  w ith  A liza rin  R ed  S 
B uoyan t w e ig h t increm ents
R e-exam ination  o f  lesions p ro d u ced  by  sam pling  o f  b ranch  
tips a f te r  six m o n th s  
D isp lacem ent m ethods
L igh t m icroscopy  o f  0 .5 -1 .0  ju n  sections o f  single polyps 
S econdary  m etabo lites  iden tifica tion  by  N M R  spectroscopy

Q u an tita tiv e  e stim ation  o f  m etabo lites  by N M R  
C  & N  by F isons  EA 1108 elem en ta l analy ser P  by 
v an ad o -m o ly b d o -p h o sp h o ric  ac id  co lo rim etric  m e th o d

B ranches decalcified, d issected  a n d  eggs a n d  testes coun ted  
a n d  m easu red
Eggs a n d  sperm  sep a ra ted  a n d  recom bined  a t  k n o w n  sperm  
densities. G am etes  exposed  to  e levated  doses o f  nu trien ts  
C ora l la rvae  rea red  a n d  allow ed  to  settle  o n  te rra c o tta  tiles 
in  settlem ent cages fo llow ing  la rv a l exposu re  to  elevated 
nu trien ts
T e rrac o tta  tiles in  p a tc h  reefs sco red  fo r co ra l sp a t 3 m on th ly  
over 3 years
G rav im etric  ex trac tio n  using  c h lo ro fo rm  -  m e th an o l 
S econdary  m etabo lites  iden tifica tion  by  N M R  spectroscopy

Q u an tita tiv e  e stim ation  o f  m etabo lites  b y  N M R  
C  &  N  by F isons  EA 1108 elem en ta l analy ser P  by  van ad o - 
m o ly b d o -p h o sp h o ric  ac id  co lo rim e tric  m e th o d

15N H 4 a d d itio n s  to  reef w a te r a t  low  tide; iso to p e  analysis 
o n  m ass spec trom eter 
A cetylene red u c tio n  techn ique  
A cety lene b lockage  techn ique
B iom ass w as scraped  fro m  co ra l b locks, d ried  a n d  weighed; 
ch lo rophy ll a  co n ten t w as estim ated  from  scrape-sam ples 
ex trac ted  in  ace tone  a n d  m easu red  spectopho tom etrica lly  
D eterm ined  from  tim e-series o f  n u trien ts  in  cham bers 
con ta in ing  E A C  o n  co ra l b locks  sam ples w ere  analy sed  w ith 
a  m odifica tion  o f  the  p h en o l-h y p o ch lo rite  m e th o d . U p tak e  
w as de term ined  w ith  M ich ae lis -M en ten  kinetics 
E stim ated  from  oxygen ev o lu tio n  ra te s  m easu red  in  closed 
in cu b a tio n  cham bers (resp irom eters)

1. S p ec tropho tom etric  analysis

N .P  analysis, am m onium  d e te rm in a tio n  

T o ta l am ino  acids

B locks o f  Porites lutea  p re p a re d  from  five co ra l, w ash ed  and  
d ried , a tta ch e d  to  g rids to  c o n tro l a n d  fertilized  p a tc h  reefs

M cG ill a n d  Steven (1994); K o o p  et al.
(2001)

P arsons e t al. (1984)

Bilger an d  A tk inson  (1985), T hom as 
a n d  A tk in so n  (1997)

L am b erts  (1978)
Jokiel et al. (1978), M arag o s  (1978) 
M eesters  (1994)

B ucher et al. (1998)
H a rriso n  (1980), H a rr iso n  e t al. (1990) 
V an d erah  et al. (1978); T u rsch  e t al. 
(1978)
Leone e t a l., 1995
S tan d a rd  m ethodo logy  C lesœ ri e t al.

W ard  (1997), W a rd  a n d  H a rriso n  
(2000)
W ard  (1997), H a rriso n  a n d  W ard  
(u n p u b . d a ta )
W ard  (1997), W ard  a n d  H a rriso n  
(u n p u b . da ta )

W ard  (1997), W ard  a n d  H arriso n  
(2000)
W ard  (1995), W ard  (1997)
V an d erah  et al. (1978), T u rsch  et al. 
(1978)
L eone e t al. (1995)
S tan d a rd  m e thodo logy  C lesceri e t al.
(1989)

S tew art et al. (u n p u b . d a ta )

C ap o n e  a n d  O ’N eil (u n p u b . da ta ) 
C ap o n e  (unpub . d a ta )
P a rso n s  e t al. (1984)

S o lo rzan o  (1969), D u g d a le  (1967)

Jeffery a n d  H u m p h rey  (1975), L arkum  
a n d  K o o p  (1997)

Belda-Baillie e t al. (1998)

M ag n e  a n d  L a rh e r  (1992)

K iene a n d  H utch ings (1994), P a ri e t al. 
(1998)
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T A B L E  4 (C O N T IN U E D )

M icroborings  

S tom a topod  recruitm ent

C ubes o f  Tridacna , calcite a n d  lim estone a tta c h e d  to  p la te s  
o n  g rids in  a ll atolls

C ollected  newly recru ited  an im als from  tagged , sun-dried  
co ra l ru b b le  p ieces p laced  in p a tc h  reef

K iene  (1994), P e rk in  a n d  T seun tas 
(1976)

E rd m an n  a n d  C aldw ell (1997), Steger 
(1987)

T A B L E  5

S um m ary  o f  I5N  u p ta k e  (15N  cm  2 h  ’ ) o f  co ra ls, c lam s, m acroa lgae , so ft co ra l a n d  sedim ent.“

O rganism C o n tro l +  N  acclim ated

40 pM 120 pM 40 pM 120 pM

Acropora pulchra H o st 0.17 0.23 0.06 0.1
Z ooxan the llae 0.21 1.85 0.38 1.14

Acropora pa lifera H o st 0.04 -0 .0 8
Z ooxan the llae 0.95 0.31

Pocillopora dam icornis H o st 0.04 0.1 0.01 0.05
Z ooxan the llae 0.25 0.32 0.1 0.38

Tridacna crocea W hole 1.74 7.22 0.42 1.13
H o st 0.06 0.03 0.02

Z ooxan the llae 0.53 0.17 0.38
Laurencia intricata 2.50 4.16
Sarcophyton 0.49
Sedim ent 0.06 0.1 0.01 0.27

“ O rgan ism s w ere sub jected  to  tw o  co n cen tra tions  o f  I5N  fo r  a b o u t 3 h  d u rin g  low  tid e  in  th e  E N C O R E  s tudy  o n  th e  so u th ern  G re a t B arrie r Reef. 
+  N  acc lim ated  o rgan ism s cam e fro m  p a tc h  reefs to  w hich  ino rgan ic  n itro g en  h a d  b een  a d d ed  tw ice da ily  fo r  m o re  th a n  a  year; co n tro ls  w ere from  
co n tro l p a tc h  reefs.

the o ther patch  reefs (Fig. 2). N o denitrification exper
iments were conducted during  this phase of the experi
ment.

Both nitrogen fixation (Fig. 3) and denitrification 
(Fig. 4) were significantly affected by the nutrient 
treatm ents during the h igh-loading phase o f EN C O R E. 
N itrogenase activity decreased by approxim ately a fac
to r o f 2  from  the  low -loading phase and exhibited sig
nificant [p <  0.05) stim ulation o f  nitrogen fixation in the 
+  P treatm ents (1.76 ± 0 .0 8  nm ol C 2 H 4  g d ry  w t

sedim ent - 1  h -1; Fig. 3) and  significant (p <  0.05) stim
u la tion  o f denitrification rates in the ±N (51  ±  4.7 pmol 
N 20  g dry w t sedim ent- 1  h -1) and ± N  +  P (53 ±  2.3 
pm ol N 20  g dry w t sedim ent - 1  h -1) treatm ents, com
pared w ith  contro l patch  reefs (24.3 ±  5.2 pm ol N 20  g 
dry w t sedim ent - 1  h -1; Fig. 4).

Low fertilisa tion  -  M arch 1994

■L 2.5 -

£  1.5 -

o 0.5 -

+N+P
T re a tm e n t

Fig . 2 R a te  o f  n itrogenase  ac tiv ity  in  experim ental p a tch  reefs (nm ol 
ethylene g  d ry  w eigh t sed im en t-1 h -1)  d u ring  th e  low -loading 
phase  o f  th e  E N C O R E  s tu d y  in  M arc h  1994 (O ’N eil an d  
C ap o n e , u n p u b . da ta ).

Plants
The functional groups o f free-living algae in the ex

perim ental p a tch  reefs consisted o f encrusting algae, 
m acroalgae (filamentous and  bushy algae) w ith  erect but

H igh fe r tilisa tio n  - N o v em b e r 1995

I  C +N +P +N+P

z  T re a tm e n t

Fig . 3  R ate  o f  n itrogenase activ ity  in  experim ental p a tch  reefs (nm ol 
ethy lene g d ry  weight sed im en t-1 h -1) d u rin g  th e  h igh-load ing  
p h ase  o f  th e  E N C O R E  s tudy  in  N ovem ber 1995. (** indicates 
significance a t  p  <  0.05) (O ’N eil an d  C ap o n e , u n p u b . data).

99



M arin e  P o llu tion  Bulletin

tween one ha lf and  o n e  percent o f the N  added daily to 
patch reefs during  th is  phase and  an even sm aller p ro 
portion  o f the P  added . The phytop lank ton  could thus 
n o t have been responsible for the rap id  loss o f nutrients 
added to  the enriched patch  reefs.

M acroalgae
M acroalgae had  variable responses to  elevated nu tri

ents. Som e o f the filam entous algae had  rapid nutrient 
up take and  assim ilation  w ith significant ecophysiologi- 
cal effects. O ther m acroalgae, however, particularly  en
crusting form s, had little enhanced nu trien t up take and 
assim ilation w ith no detectable ecophysiological effects. 
F ilam entous m acroalgal biom ass was low in the patch  
reefs and  did n o t visibly respond to  elevated nutrients.

The filam entous m acroalga w ith the m ost rap id  ni
trogen up take, L. intricata  (R hodophyta), was analysed 
in som e detail (Stew art, unpub. data). U p take rates of 
N H 4  exceeded N O 3  up take and  these rates were no t 
affected by phosphorus concentration. N H 4  assim ila
tion  in  b o th  light and  dark  conditions was observed, 
w ith storage as glu tam ine in  the d a rk  and  conversion 
into serine, threonine an d  glycine in the light. Inh ib itor 
and ,5N  tracer studies are consistent w ith N H 4  assimi
lation  by the g lu tam ate synthase cycle, ra ther than  the 
g lu tam ate dehydrogenase cycle. The rap id  up take and 
assim ilation o f  NTI4  by L. intricata as well as the ability 
to  assim ilate N H 4  in the d a rk  are indications th a t this 
species has adapted  to  utilize irregular pulses o f nu tri
ents.

The activity o f  the enzyme alkaline phosphatase was 
assayed to  provide an indication  o f the degree o f phos
phorus lim itation. H igh phosphatase activity, providing 
a  m echanism  fo r cleaving P 0 4 3  from  organic com 
pounds, is indicative o f  P  lim itation. N o significant ef
fect was observed in L. intricata  during the initial 
nu trien t enrichm ent phase, bu t significant reductions in 
alkaline phosphatase activity were observed in  the + P  
and + N  +  P  treatm ents in the higher nu trien t enrich
m en t phase. Enzym e activity was highly tem perature

T A B L E  6

P h y to p lan k to n  b iom ass an d  p ro d u c tio n  1 k m  ou tside  O ne T ree  R eef (O S1, O S2) a n d  in  8 o f  th e  experim ental p a tch  reefs a t  11.00-1500 h  o n  20
Jan u a ry  1995.a

Site V ol (m 3) B iom ass (jag C hi m  3) P roduction (m g  C  m  3 h  ‘)

3 |im 3-1  gm <  1 (am T o ta l 3 gm 3-1  gm <  1 (am T o ta l

O S (l) _ 49 19 88 156 1.87 0.89 1.25 4.02
OS(2) - 87 33 85 205 1.13 1.07 1.42 3.62
C ( l) 143.8 59 33 169 261 2.24 0.48 0.52 3.24
C(5) 256.5 42 19 49 111 1.14 0.16 0.30 1.59
+  N(3) 73.6 39 18 41 97 1.00 0.36 0.46 1.83
+  N (7) 84.5 33 18 31 82 1.47 0.32 0.47 2.26
+  P(4) 176.5 42 18 28 88 1.02 0.32 0.47 1.81
+  P (6) 29.5 36 26 69 131 1.10 0.48 0.56 2.14
+  N  +  P(2) 117.6 30 20 56 106 1.68 0.48 0.47 2.63
+  N + P (1 0 ) 148.6 41 11 56 108 1.19 0.42 0.64 2.26

a C  =  co n tro l, + N  =  enriched  in  N ; + P  =  enriched  in  P; + N  +  P =  enriched in  b o th  N  a n d  P. N um bers  re fe r to  E N C O R E  p a tc h  reef num bers.
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H ig h  f e r t i l i s a t io n  - N o v e m b e r  1 9 9 5

+N+P

T reatm ent

Fig. 4  R ate  o f  den itrification  in  experim en tal p a tc h  reefs (pm ol N 20  g 
d ry  w t sed im ent-1 h -1) d u ring  th e  h igh-load ing  p h ase  o f  the 
E N C O R E  study  in  N o v em b er 1995. (** ind icates significance 
a t  the  p  <  0.05) (O ’N eil a n d  C ap o n e , u n p u b . data).

flexible thalli, and phytoplankton . The encrusting algae 
included the epilithic algal com m unity  (EAC), crustose 
coralline algae and  a num ber o f  less significant algal 
species which are norm ally represented in  the EA C but 
occasionally form  uni-algal grow ths. The filam entous 
and  bushy algae were n o t com m on in the patch reefs bu t 
included, from  tim e to  tim e, C. fastig ia ta , Laurencia spp, 
Halimeda  spp, Chnoospora intricata, Hydroclathrus sp 
and  a num ber o f  cyanobacteria such as Lyngbya  
majuscula.

Phytoplankton
P hytoplankton  prim ary production  was m easured in 

January  1995 only (high-loading phase). P roduction  
rates in all treatm ent patch  reefs were n o t significantly 
different from  contro ls w ith levels o f  chlorophyll rang
ing from  82 to  261 pg Chi a m r 3  an d  prim ary p roduc
tio n  rates between 1.6 an d  4.0 m g C  m - 3  h _ 1  (Table 6 ). 
H ighest production was m easured in the oceanic w ater 1 
km  off the One Tree R eef (3.6^4.0 mg C m - 3  h -1). U sing 
atom ic Redfield ratios (C  : N  =  6 .6 ; C  : P  =  106) phy
top lank ton  production  accounted fo r the uptake o f  be
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T A B L E  7

A m in o  acids, ch lo rophy ll a, an d  tissue n itrogen  in  Gracilaria edulis a fte r 3 days field in cu b a tio n  in  O n e  T ree  Is land  E N C O R E  experim ental p a tch
reefs, p h ase  2  (h igh  n u trien t load ing  pe rio d ).A

N u trie n t ad d itio n

(nm ol g ; 1,)

A m in o  acids

C itru lline

(%  to ta l)

T o ta l am ino  acids 

(n m o l g ¿ )

Tissue n itrogen  

(% )

P ig m en t ch lo rophy ll a

(“ g g;é.)

C o n tro l 250a 11 2252 1.30 1.03
+  P 368ab 16 2280 1.26 0.90
+  N s s s 1* 24 2380 1.42 1.08
+  N  +  P 716° 29 2496 1.52 1.18
/■-value 4.8* 0.1 2.2 3.0

Aat>c v a [ues jn  co lum ns fo r  each  tre a tm en t w ith  th e  sam e le tte r a re  n o t significantly  different a t  p  <  0.05. 
*p <  0.05.

dependent, w ith highest rates in sum m er (Stewart, 
unpub. data ; Drew, unpub. data).

A  filam entous m acroalgal species com m on in tro p i
cal/sub-tropical waters, Gracilaria edulis (R hodophyta), 
has been show n to be responsive to  elevated nutrients 
(H orrocks et al., 1995; Jones et al., 1996). G. edulis was 
collected in M oreton  Bay, Q ueensland (27°13/S, 
153°07'is), transported  to  One T ree Island and incu
bated in  the experim ental patch  reefs fo r 3 days in clear 
plastic containers perforated fo r w ater exchange. F o l
lowing the sho rt incubation, p lan ts were analysed fo r 
pigm ent, tissue nu trien t and  am ino acid conten t (Table 
7). The am ino acid citrulline was significantly increased 
under the + N  and  + N  -F P treatm ents. C itrulline, a  3N  
containing am ino acid, has been invoked as a nitrogen 
storage com pound.

Epilithic A lgal Community ( E A C )
The epilithic algal com m unity is a m icroscopic algal 

biofilm, w hich exists on m ost dead lim estone surfaces of 
co ral reefs (H atcher and Larkum , 1983). Because such 
surfaces are com m on and because the E A C  is highly 
productive (H atcher and Larkum , 1983), the  E A C  is an  
im p o rtan t contribu tor o f food to  the herbivores o f coral 
reefs. Also because the EA C is so productive it has 
generally been though t th a t the EA C w ould be respon
sive to  added nutrients (K lum pp and  M ackinnon, 1992). 
T hus the EA C was a m ajor focus o f  w ork  during the 
E N C O R E  project.

S tanding crop, growth and prim ary  production  o f 
EA C  on  Porites coral plates w ere exam ined on  6  occa
sions during  E N C O R E. S tanding crop w as m easured as 
dry  weight o r as chlorophyll a. G row th  was m easured as 
increm ent in dry weight over 7 days. P rim ary  p roduc
tio n  was m easured as oxygen exchange. In  all experi
m ents (across all seasons) no significant effect o f 
n u trien t enrichm ent was found in any o f  the treatm ents.

To test w hether EA C w ould respond to  higher n u 
tr ien t levels, they were incubated  in  stirred  nu trient-en
riched seaw ater a t two levels o f nu trien t enrichm ents: 
80 pM  an d  200 pM  N H 4 C1 o r K H 2 P 0 4  o r  b o th  com 
bined. EA C from  contro l patch  reefs were used in these

experiments and  show ed no significant enhancem ent o f 
production  after 24 h incubation, either to  enrichm ent 
by N  or P  or N + P  (see Fig. 5). EA C  from  + N  + P 
patch  reefs were also treated  in the sam e way and 
showed no  response a t any time.

Analyses o f E A C  th a t had  been grown for 6  m onths 
in the different patch  reefs showed no significant dif
ference in  the am oun t o f  chlorophyll a between trea t
m ents (L arkum  and  K oop , 1997), indicating  th a t there 
was no difference in biom ass o f  the EA C between 
treatm ent patch  reefs. Based on  the rates o f up take from 
2 to  20 pM  fo r each trea tm en t from  June 1994, there 
was a trend  fo r up take o f am m onium  to be suppressed 
in the EAC grown in +  N  patch  reefs. A t 20 pM , rates 
fo r + N  patch  reefs were 3.7 x  IO- 3  pM  cm - 2 m in-1, 
com pared w ith contro l patch  reefs (8.1 x IO- 3  

p M c m - 2 m in-1) and  + P  patch  reefs (4.5 x 
IO- 3  pM  cm - 2  m in-1)). This is consistent w ith the

12 t

C +N +P

Treatment
F ig . 5  Effect o f  short-te rm  en richm en t w ith  80 M  N H 4C1 o n  prim ary  

p ro d u c tio n  (g C m “2 d ay “ 1)  o f  12-m onth-o ld  co ra l b locks from  
fertilized  p a tch  reefs ( + N  =  10 pM  N H 4CI; + P  =  2  pM  
K H 2P O 4) a n d  con tro l (C ) p a tch  reefs. N  =  6SD . P ro d u ctio n  
w as m easu red  as oxygen evo lu tion  over 30 m in . (m inus d a rk  
trea tm en ts) using cham b ers  as  described  in  L a rk u m  a n d  K oop  
(1997). D a rk  bars a re  unen riched  E A C , lig h t b a rs  a re  from  
80 p M  N H 4CI incubations.
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hypothesis th a t algae conditioned to higher concen tra
tions o f am m onium  in the +  N  patch  reefs, w ould show 
a low er capacity  for am m onium  uptake w hen exposed to  
episodic increases in concentrations o f  am m onium  
(Fujita, 1985).

Rhodoliths
C rustose coralline algae were a conspicuous com po

nen t o f th e  algae o f  the experim ental patch  reefs. These 
algae are im p o rtan t calcifiers in reef environm ents co n 
tribu ting  to  the calcium  carbonate  reserves and acting as 
im portan t consolidators o f the reef structure (Boro- 
w itzka and  L arkum , 1986). Phosphate has been sug
gested to  be an  inh ibitor o f calcification in algae 
(Simkiss, 1964). K insey and  Davies (1979) reported  in
hib ition  o f  calcification as a  result o f enrichm ent o f a 
patch  reef a t One Tree R eef w ith urea and phosphate, 
although the calcifying agent was no t identified. There is 
one rep o rt o f  enhanced levels o f  phosphate inhibiting 
the calcification o f  trop ical coralline algae in  the field 
(Björk et al., 1995). These algae are difficult to  w ork 
w ith experim entally because they encrust the substra tum  
and o ther organism s. R hodoliths (L arkum  et al. (in 
press)) w ere therefore chosen as the experim ental o r 
ganism  for this w ork since they are discrete semi- 
spherical bodies com prising o f a single species (in this 
case Lithophyllum  kotchyanum). Replicate rhodoliths 
were set o u t on plastic supports and m onitored 
th ro u g h o u t E N C O R E . G row th  o f  replicate rhodoliths 
(n — 1 2 ) in each experim ental patch  reef was m easured 
by increase in buoyan t weight over periods o f  2 -4  
m onths th ro u g h o u t E N C O R E  (Larkum  et al. (in 
press)). N o  effect o f  enrichm ent by N  or P  was found a t 
any time (p > 0.05 A N O V A ; see Fig. 6  fo r four seasonal 
observations).

Calcification was m easured  by the alkalinity anom aly 
m ethod a t 3 seasons (M arch  and June 94, A ugust 95) 
and  show ed no significant effect o f  n u trien t enrichm ent 
(p >  0.05; ANOVA; L ark u m  et al. (in press)). G row th 
rates (summer: 0.125 m g  g - 1  day - 1  and w inter 0.076 mg 
g - 1  d ay “ 1), prim ary p roduction  (6-14 g C m - 2  d ay -1), 
gross calcium  carb o n ate  increase (0.36 g g - 1  y r - 1  or 
~  1.15 kg m - 2  y r -1) a n d  calcification rates (70-180 mg 
C a C 0 3  g (buoyant w eight ) - 1  h - 1  , w ith sum m er rates ~  
twice those o f w inter) were all com parable with other 
w ork fo r tropical crustose coralline algae (Chisholm, 
1988; M atsuda, 1989).

Animals
D ifferent aspects o f  the biology o f  five m ajo r groups 

o f  anim als were studied as p art o f  the E N C O R E  project. 
These were: stom atopods, fish, reef-building corals, soft 
corals and giant clams. T hough no t all-inclusive, these 
groups represent a m ajo r p ropo rtion  o f the anim al life 
p resen t in the E N C O R E  patch  reefs. Each o f  these 
g roups is dealt w ith as a  separate section below. Because 
o f  the im portance o f  the sym biotic dinoflagellates 
(zooxanthellae) associated w ith m any o f these animals, 
one section is devoted to  the responses o f  zooxanthellae 
w ithin the experiment.

Stom atopods
G onodactyloid stom atopods are benthic reef crusta

ceans th a t typically inhab it shallow  reef flats and  sea- 
grass com m unities and  live in cavities in hard  substrata 
such as dead coral rubble. R ecent studies have dem on
strated  a sensitive response o f  gonodactyloid stom ato- 
pod assemblages to  m arine pollution, including 
eutrophication. They have shown a reduction in  abun-
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Fig . 6  Effect o f  n u trien t tre a tm en ts  a n d  seaso n  o n  m ean  relative 

g ro w th  (%  day  “ ')  o f  rh o d o lith s . E r ro r  b a rs  a re  s ta n d a rd  errors 
o f  m eans (n =  12).
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dance and  species richness and  apparen t recruitm ent 
failure w ith increasing pollution (Steger and Caldwell, 
1993; E rdm ann and Caldwell, 1997). In  this study, the 
effect o f nu trien t enrichm ent on  stom a top od recruitm ent 
was exam ined by adding suitable s tom atopod  h ab ita t (in 
the form  o f  sun-dried, tagged coral rubble pieces) to  the 
experim ental patch  reefs, and  later collecting the rubble 
and  extracting all anim als w hich had  recruited to  the 
rubble during the experim ent. A  prelim inary survey of 
the surrounding  reef flats and patch  reefs indicated th a t 
the shallow  w ater stom atopod  fauna o f  One Tree Island 
is dom inated by four species ( Gonodactylaceus mutatus, 
Gonodactylinus viridis, Gonodactylus childi, and  H ap
tosquilla glyptocercus), an d  only these species were 
considered in  this experim ent. A dditionally, only those 
anim als w hich had  clearly recruited to  the rubble during 
the experim ent (conservatively, those anim als ^  18 m m  
to ta l length) were counted. This experim ent was con
ducted during the high-loading phase o f E N C O R E, 
from  M ay, 1995 th rough  January  1996.

Results indicated th a t recruitm ent o f gonodactyloid 
stom atopods is negatively affected by nu trien t enrich
m ent (Fig. 7). One-way A N O V A  shows th a t the m ean 
recruit densities in  the 4 nu trien t treatm ents were sig
nificantly different {F  =  5.85; d f  =  3 , 8 ;p  =  0.02). M ul
tiple com parisons o f the 4 m eans using Tukey’s 
studentized range test (controlling procedure-wise Type 
I erro r rate a t p  < 0.05) revealed th a t rubble from  the
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Fig . 7  M ea n  rec ru it density  o f  s to m a to p o d s  (average n um ber o f  re 

cru its  p e r  ru b b le  piece) fo r e ach  n u tr ien t trea tm en t. B ars ind i
cate  s ta n d a rd  error.

com bined + N  +  P  trea tm en t patch  reefs h ad  signifi
cantly  low er stom atopod  recruit densities than  rubble 
from  the control, +  P  and +  N  patch reefs.

Fish
E arlier studies a t One T ree Island (H atcher and  L ar

kum , 1983) suggested th a t grazing fishes remove large 
quantities o f  epilithic algae, and so m ay m ask the effects 
o f  nu trien t enrichm ent on algal com m unities. Grazing 
fish assemblages m ay respond to  n u trien t enhancem ent 
by changes in: ( 1 ) fish density, (2 ) individual grazing 
rates, and  (3) nesting and egg production.

Fish grazing rates. T he m ajority  o f roving grazers 
were sm all ( < 1 0  cm ) parrotfishes, in g roups w hich en
tered  patch  reefs w ith  the rising tide (Fig. 8 , see also 
H aw kins, 1995; B ooth, 1997, 1998). D ensities o f fish 
varied b u t they could n o t be related to  nu trien t trea t
m en t (B ooth unpub. data). Overall, sm all scarids re
m oved 1.32 g algae m - 2  day - 1  in sum m er and 0.35 g 
m “ 2  d ay - 1  in w inter (Table 8 ; B ooth, 1998). In  contrast, 
te rrito ria l damselfish rem oved 2 . 0  g  algae m r 2  day - 1  in 
sum m er and  1.0 g m - 2  day - 1  in winter. A lthough the 
species com position o f  the EA C differed significantly
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Fig . 8 D en sity  o f  grazing  fish ta x a  o n  p a tch  reefs in  O ne T ree  Island 

la g o o n  in  sum m er (d a rk  bars) an d  w in te r (ligh t bars) censuses 
(»  =  4  censuses in  w in te r, n =  5 censuses in  sum m er, SE 
show n). S-vsm: Scarus  sp p  ( <  6 cm  TL ); S-sm ; Scarus  spp  (6-10  
cm  T L ); S-lg: Scarids, aca n th u rid s , siganids ( >  10 cm  T L ), Pw: 
P om acentrus wardi; D m ; D ischistodus m elanotus ; Pf: Pom a
centrus flavicauda ; P om ; o th e r  te rrito ria l po m acen trid s. (from  
B o o th , 1998).

T A B L E  8

Sum m ary  o f  g raz in g  p ressu re  an d  its  com ponen ts  fo r scarids a n d  pom acen trid s  (P. wardi) o n  re e f tops in  O n e  T ree  Is lan d  lag o o n  (sum m er-w in ter
m ean  values ind ica ted) (from  B oo th , 1998).

T ax o n C overage (% ) F eed in g  ra te  (b ites day  ‘) F o o d  in ta k e  (m g D W  b ite -1) D ensity  (m  2) G raz in g  p ressu re  (g  m -2 d ay  ')

P. wardi 21-24 3514-1366 0.6 0.95-1.25 2 .0- 1.0
Scarids 89 -86 8400-3168 0.05 0.29-0.30 0 .48-0 .12
(<  6 cm T L ) 
Scarids 89 -86 6600-2100 0.4 0.32-0.27 0 .84-0 .23
(6 -10  cm T L ) 
L arge  scarids 89 -86 ca  1000 2 ca 0.01 ca 0.02
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F ig . 9 T o ta l n um ber o f  clu tches ( • )  received by  ind iv idual m ales on 
p a tch  reefs w ith  d ifferent n u trien t-en rich m en t tre a tm en ts  as 
p a r t  o f  th e  E N C O R E  s tu d y  (from  B ere tta  a n d  B oo th , 1998).

inside and  outside dam sel fish territories (Pomacentrus 
wardi), standing crop was sim ilar (Booth, 1997, 1998).

Fish reproduction. P. wardi m ales a ttracted  females to  
lay clutches o f eggs between new m oon and full m oon 
(peaking a t 3 /4  m oon) in N ovem ber/D ecem ber 1993, 
D ecem ber/January 1994/95 and  D ecem ber 1995 (Ber
e tta  and B ooth, 1998). Som e m ales a ttracted  m ore fe
m ales and  hence guarded significantly m ore clutches 
than  others, bu t there were no ap p aren t nutrient-treat- 
m ent effects (Fig. 9). Lipid analyses from  eggs from  
different nutrient treatm ents show ed no differences 
(B ooth and B eretta unpub. data).

Reef-building corals
F o r m ost experiments, reef-building corals were col

lected and transplanted  into the E N C O R E  patch reefs. 
C orals were collected as either entire colonies o r large 
portions o f  colonies, o r colonies were broken  in to  small 
sub-colonies (‘nubbins’; Spencer D avies, 1989) th a t were 
deployed on plastic racks w ithin the experim ental patch  
reefs. N ubbins were 5-10 cm  in diam eter, while o ther 
colonies ranged in size up  to  30-40 cm in diam eter.
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Fig . 10 M o rta lity  ra te s  (percent o f  colonies dy ing  p e r  year) o f  (a) 

Pocillopora damicornis (b ro w n  m o rp h o ty p e), (b ) P. damicornis 
(p ink ) a n d  (c) Acropora longicyathus  a fte r n ine  m o n th s  in 
differen t tre a tm en ts  o f  th e  E N C O R E  pro jec t a t  O ne Tree 
Is land  reef. Show n a re  m eans a n d  95%  confidence intervals. 
A sterisks ind ica ted  differences significant a t  p  =  0.05. 
A d ap ted  from  H oegh-G u ldberg  (1999).

Coral mortality. C oral m orta lity  was studied by 
m onitoring survivorship am ong coral colonies o r nub 
bins introduced into the E N C O R E  patch reefs. No 
differences in survivorship between treatm ents were de
tected during the initial low-loading phase o f  the E N 
C O R E  project. A dding nutrients, however, increased 
the m ortality  o f some coral species during  the second, 
high-loading phase. M ortality  rates o f  two m orphotypes 
o f  P. damicornis (‘brow n’ and  ‘p in k ’ =  pocilloporin 
containing), (Takabayashi and  H oegh-G uldberg, 1995; 
D ove et al., 1995) were significantly higher in patch  reefs 
th a t received nutrients (p — 0.007) and  were highest in 
patch  reefs tha t received a com bination  o f both  am 
m onium  and phosphate (271%  and  211%  o f contro l 
m ortality  for brow n and p ink m orpho types, respective

ly) (Fig. 10). The m ortality  o f  nubbins o f the branching 
coral A . longicyathus was n o t significantly different in 
the nu trien t treatm ents (p > 0.05; H oegh-G uldberg, 
unpub. data) although it was generally ab o u t 1 0 - 2 0 % 
higher in  +  N  and +  P patch  reefs.

M ortality  was lower in larger coral colonies (W ard, 
1997; Bucher unpub. data; Steven unpub. data). Aside 
from  cyclone dam age, larger portions o f A. longicya
thus and A. aspera (up to  5 kg in weight) th a t were 
transp lan ted  into patch reefs for reproduction  and 
grow th studies suffered little m ortality . Som e predation 
by Drupella  sp, folliculinids (a protist) and  m ortality  
from  bleaching and disease were limited to  single 
patch  reefs and  could n o t be linked w ith nutrient 
treatm ents.
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T A B L E  9

Sum m ary  o f  co ra l g ro w th  responses to  th e  h igh-load ing  phase  o f  th e  E N C O R E  n u tr ien t trea tm en ts.

P a ra m e te r m easu red Species used

A m m onium

R esponse

Phosphate

R eferences

L in ea r ex tension Acropora longicyathus

A . pa lifera  
Stylophora  p istilla ta

R educed

N o  effect 
Increased

Increased

Increased  
Increase  w ith  a m m o n iu m

B ucher a n d  H arriso n  
(u n p u b . da ta )

S teven  (u n p u b . da ta) 
T ak ab ay ash i (1996)

In ju ry  rep a ir A . longicyathus R educed N o  effect B ucher a n d  H a rriso n  
(u n p u b . da ta )

C alcifica tion
(b u o y a n t w eight increm ents)

A . longicyathus 
A . aspera  

A . palifera

Increased3 
N o  effect 

D ecreased

Increased  
N o  effect 
Increased

B ucher a n d  H a rr iso n  (u n p u b . data) 

S teven (u n p u b . d a ta )

S . p is tilla ta  
Pocillopora dam icornis

N o  effect 
D ecrease

D ecreased
D ecreased T a k ab a y ash i (1996) 

H o eg h -G u ld b erg  (u n p u b . da ta)

A . longicyathus N o  effect N o  effect H o eg h -G u ld b erg  (u n p u b . da ta)

S k e le ta l density  
B u lk  density A . longicyathus Increased R educed B ucher a n d  H a rr iso n  (u n p u b . data)

M icro -density A . longicyathus Increased Increased B ucher a n d  H a rr iso n  (u n p u b . data)

Tissue
M o rp h o lo g y  
M u cu s  cell density  
F ree  b o d y  w a ll th ickness

A . longicyathus 
A . longicyathus

N o  effect 
N o  effect

R educed
Increased

B ucher a n d  H a rr is o n  (u n p u b . da ta) 
B ucher a n d  H a rr is o n  (unpub . da ta)

‘ In c reased  over y ear b u t seasonal {increased in  w in te r a n d  sp rin g  b u t decreased  in  sum m er).

Coral growth. A sum m ary o f coral grow th responses 
is presented in  Table 9. T hree team s w ithin the E N 
C O R E  project independently m easured a num ber o f 
g row th  param eters in  a  range o f  co ra l species. The 
species included massive, colum nar, densely branched 
and  open staghorn  grow th forms. Several trends in 
g row th  response were consistent across these studies. 
Few  grow th responses were detected in any o f the n u 
trien t treatm ents during the initial, low -loading phase o f 
E N C O R E . M arked seasonal and  clonal b u t n o t trea t
m en t variability was no ted  for P. damicornis (Hoegh- 
G uldberg  and M oreno unpub. data; H oegh-G uldberg  et 
al., 1997) and  A. longicyathus (Bucher and  H arrison , 
unpub . data) during the low -loading phase. In  som e 
seasons significant differences in calcification were 
m easured in  A . longicyathus between n u trien t tre a t
m ents. T here w ere no significant differences, however, 
w hen calcification was integrated over a full year 
(B ucher an d  H arrison , unpub. data).

D uring  the second, high-loading phase o f  E N C O R E , 
A. longicyathus and A. palifera  h ad  higher extension 
ra tes in  the presence o f  elevated phosphate  and  reduced 
extension in  am m onium  treatm ents (Fig. 11; Bucher and  
H arrison , unpub. data; Steven unpub . data). In  con trast 
to  these studies, T akabayash i (1996) reported  no effect 
o f  nu trien t treatm ent on  the  linear extension ra tes o f 
sm all (5-10 cm diam eter) colonies o f  S. pistillata  during 
the period o f higher nu trien t loading.

E. 45

I 4°-
X
0)
ro 3 5  
o

C +N +P +N+P 

Treatment
F ig . 11 M ea n  linear ex tension  ra te s  o f  A . longicyathus  b ranches  d u r

ing  th e  h igh  dose period . O rth o g o n a l analyses o f  variance 
show ed significantly g re a te r ex tension  (p  <  0 .001) in  the 
presence o f  p h o sp h ate  a n d  no  significant effect (p =  0.06) o f 
am m onium  on  linear ex tension  (n =  45 b ranches  p e r  tre a t
m en t, e r ro r  bars a re  s tan d a rd  errors).
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C hanges in  the  weight o f calcium carbonate in coral 
skeletons were m easured by changes in the buoyan t 
w eight o f colonies. Skeletal m aterial represents the m a
jo rity  o f any co ra l’s buoyant weight and consequently 
changes in  b uoyan t weight are prim arily due to  skeletal 
grow th (Bak, 1973, 1976; Jokiel et al., 1978). This non 
destructive m ethod  has been used to  m easure sm all 
changes in  grow th rate in corals during exposure to 
‘adverse’ conditions (Davies, 1989, 1990, 1995). T he ef
fect o f  nu trien t addition  on  calcification, as m easured by 
buoyan t weight increm ents, was both  species and  n u 
trien t specific. R ates o f change in  buoyant weight de
creased in  the presence o f  N  and /o r P in small (5-10 cm 
diam eter) colonies o f P. damicornis bu t no t in A. longi
cyathus after nine m onths o f the high-loading phase 
(H oegh-G uldberg  unpub. data). A m m onium  enrich
m en t also led to  a decrease in  the rate o f calcification o f 
A . palifera  (Steven and B roadbent, 1997; Fig. 12) bu t 
h ad  no effect on  A. aspera (Bucher and H arrison  unpub. 
d a ta) o r S. p istillata  (Takabayashi, 1996). The effect o f 
am m onium  on larger (>  2 0  cm in diam eter) colonies o f 
A . longicyathus w as  dependent on season, w ith  increased 
calcification in  w inter and  spring b u t decreased ra tes in  
sum m er (Bucher and  H arrison , unpub. data). In tegrated  
over a  full year, an  overall increase in calcification in this 
species w as found  in these larger colonies. This was no t 
the case in the sm aller colonies (H oegh-G uldberg u n 
pub. data). W hen com bined w ith a  reduced rate  o f linear 
extension in the  larger colonies (Fig. 11), this n o t only 
produced higher bulk density than  untreated  A. longi
cyathus b u t m ay also explain the reduced ability o f 
A. longicyathus in  am m onium  treatm ents to  overgrow 
lesions (Table 10).

The calcification rate  o f bo th  A. longicyathus and A. 
palifera  increased in + P  treatm ents (Bucher and  H a r
rison unpub. data ; Steven unpub. data). In  contrast, +  P 
treatm ents had  no  effect on A. aspera (Bucher and 
H arrison , unpub. data) and tended to  decrease calcifi-

T A B L E  10

N um bers  o f  unhealed  w o u n d s  on  Acropora longicyathus  n u b b in s  a fte r 
six m o n th s  o f  the  h igh  n u tr ien t lo ad in g  p h ase  o f  E N C O R E .

T rea tm en t

C o n tro l +  N +  P +  N  +  P

N u m b e r o f  nubbins w ith 
unhealed  w ounds 5 15 4 5
(m ax. 45 p e r  trea tm en t) 
N u m b e r o f  colonies w ith  
unhealed  w ounds 2 8 3 3
(m ax. 15 p e r  trea tm en t) 
N u m b er o f  reefs con ta in ing  
unhealed  nubb ins 2 3 2 2
(m ax . 3 p e r  trea tm en t)

cation  in S. pistillata  (Takabayashi, 1996; Fig. 13) and 
the pink form  o f P. damicornis (H oegh-G uldberg unpub. 
data ; Fig. 14). In  A. longicyathus, the changes in  linear 
extension and calcification led to  a significant reduction 
in  skeletal bulk density in  phosphate treatm ents (Bucher 
and  H arrison , unpub. data ; Fig. 15). Scanning electron 
m icroscopy o f E N C O R E  corals found no disruption of 
the orderly crystal structure in E N C O R E  corals 
(Takabayashi, 1996; Bucher unpub. data) b u t significant 
increases in m icro-density (Fig. 16) suggest th a t some 
changes had occurred a t the scale o f crystal architecture 
an d /o r chemical com position.

Coral photophysiology. Photosynthetic perform ance 
o f  the nubbins o f tw o species o f corals, P. damicornis 
and  S. pistillata , subjected to  the E N C O R E  treatm ents 
showed no significant difference from  contro l corals 
during the initial, low-loading phase o f EN C O R E  
(H oegh-G uldberg and M oreno, unpub. data). N utrien t 
effects were observed in  corals during the second, high- 
loading phase. Takabayashi (1996) m easured the maxi
m um  gross photosynthetic ra te  (pc g m ax), respiratory  
ra te  (rc), m axim um  net photosynthetic ra te  (pc n  max),

+ N + P

Ja n -M a r (73d) M ar-Jul (192d)

Fig . 12 A d ju s ted  m e an  percen t daily  g row th  (%  day  ')  o f  A . palifera  
nu b b in s  g ro u p ed  by n u trien t tre a tm en t over th ree  tim e peri
ods. E r ro rb a rs  are  m ean  s ta n d a rd  e rro rs. A sterisks ind icate  
tre a tm e n t m ean s  (ad ap ted  from  Steven, 1999); significantly  
d ifferen t fro m  con tro ls : * p  <  0.1, ** p  <  0.05.

Feb-M ay
M a y -A u g \

A ug-N o’

+N+P

T re a tm e n t

Fig. 13 D aily  calcification  rate (m ean  ±  SE ) o f  th e  n u b b in s  o f  S . p i
stilla ta  d u rin g  (a) the first th ree -m o n th  p e rio d  (n =  15), (b) the 
second  th ree-m on th  pe rio d  (n =  10), a n d  (c) th e  th ird  three- 
m o n th  p e rio d  (n =  5) o f  th e  E N C O R E  n u trien t trea tm en t 
exposu re  (ad ap ted  from  T ak ab ay ash i, 1996).
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Fig. 14 G ro w th  ra te s  o f  (a): P . dam icornis  (b ro w n  m orpho type), (b): 

P. dam icornis (p in k  m o rp h o ty p e) a n d  (c): A . longicyathus  a fte r 
n in e  m o n th s  in d ifferen t tre a tm en ts  o f  the  E N C O R E  p ro je c t a t 
O ne T ree  Is lan d  reef. S how n a re  m eans an d  95%  confidence 
in tervals . A sterisks ind ica ted  differences significant a t 
p  =  0.05. M  ind ica tes  th e  fac t th a t  th e  m ean  is show n fo r 
co m p a riso n  fo r th e  N  +  P tre a tm e n ts  b u t th a t  th e  loss o f  
nu b b in s  th ro u g h  m o rta lity  p rev en ted  th e  d a ta  from  this 
tre a tm en t being  inc lu d ed  in th e  asso c ia ted  A N O V A . The 
m eans w ere ca lcu la ted  from  n = 2 2  (P. damicornis, b ro w n  
m o rp h o ty p e) , n  =  21 (P . dam icornis, p in k  m orp h o ty p e) a n d  
n =  21 (A . longicyathus). (H o eg h -G u ld b erg , u npub . da ta ).

and photosynthetic efficiency (a) in  nubbins o f S. p i
stillata  3 and  9 m onths afte r the s ta rt o f  the high-loading 
phase. In  this study, elevated concentrations o f  phos
phate increased the photosynthetic  production and res
p iration o f corals after 3 m onths o f  exposure to  the high 
load. T he addition  o f  am m onium  did n o t affect these 
param eters. A fter 9 m onths, however, the apparen t 
stim ulation o f p roduction  and  consum ption by phos
phate were replaced by an  alm ost twofold increase in 
p roduction  and consum ption per surface area in  corals 
exposed to  am m onium  (Table 11). This was due to  an 
increase in the num ber o f  zooxanthellae (and hence 
chlorophyll a) per surface area, as indicated by a 
dam pening o f this difference w hen rates were stan 
dardized to  chlorophyll (Table 11).
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Treatment
Fig . 15 M e a n  bu lk  density  o f  b ran ch  tips from  A . longicyathus grow n 

d u rin g  the  h igh -load ing  p h ase  o f  the  E N C O R E  study . O r
th o g o n a l analyses o f  variance  show ed significantly  low er bulk  
d en sity  (i.e. g rea te r p o ro sity ) (p  <  0 .001) in  th e  p resence  o f 
p h o sp h a te  a n d  significantly  h igher bu lk  density  (p  =  0.005) in 
th e  presence o f  a m m onium  in  A . longicyathus  b ran ch  tips 
(n  =  45 b ran ch es  p e r  trea tm en t, e r ro r  b a rs  a re  s tan d ard  
e rro rs).

2.83

2.81

•- 2.79</> c 
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,Si 2.77

2.75
C +N +P +N+P 

Treatment
Fig . 16 M e a n  m icro-density  o f  b ran ch  tip s  from  A . longicyathus 

g ro w n  d u rin g  the h igh-load ing  p h ase  o f  the  E N C O R E  study. 
O rth o g o n a l analyses o f  variance  show ed significantly  greater 
m icro-density  (p <  0.001) in  A. longicyathus  b ran ch  tips in 
b o th  th e  am m onium  a n d  p h o sp h a te  tre a tm e n ts  (n  =  45 
b ran ch es  p e r trea tm ent, e r ro r  b a rs  a re  s tan d a rd  e rro rs).

The addition  o f am m onium  also increased the com 
pensation  irradiance (Ic) and  the in tercept irradiance 
(4 )  after 3 m onths (Table 12). A fter 12 m onths, the
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T A B L E  11

M ax im u m  gross p h o to sy n th e tic  ra te  (pc g m «), re sp ira to ry  ra te  (rc) ,  m axim um  n e t p h o to sy n th e tic  ra te  (p c „ max), a n d  in itia l s lope o f  p c g max («) 
m easu red  a f te r  n in e -m o n th  in cu b a tio n  in  E N C O R E  trea tm en ts  d u rin g  th e  h ig h -lo ad in g  phase  o f  th e  s tu d y .3

T rea tm en t Pc g max (pm ol 0 2 h  '  x) rc (pm ol 0 2 h  1 x) Pc n max (p m o l 0 2 h  '  x) a (10 2 pm ol 0 2 m 2 s p £  1 h  1 x)

A rea
C 0.95 ± 0 .1 9 0.24 ± 0 .0 5 0.71 ± 0 .1 4 1.26 ± 0 .3 9
+  N 1.80 ± 0 .9 2 0.58 ± 0 .2 4 1.23 ± 0 .6 9 3.78 ±  1.44
+  P 0.77 ± 0 .1 7 0.24 ±  0.07 0.53 ± 0 .1 1 3.08 ±  1.20
+  N -I-P 0.82 ± 0 .2 4 0.22 ±  0.06 0.60 ±  0.18 0.64 ± 0 .1 3

C h ia
C 2.37 ±  0.73 0.59 ±  0.02 1.78 ± 0 .5 7 2.84 ± 0 .7 7
+ N 2.28 ±  0.99 0.74 ± 0 .0 3 1.54 ± 0 .7 6 7.50 ± 0 .4 1
+  P 1.60 ± 0 .2 7 0.47 ±  0.09 1.13 ± 0 .2 0 5.95 ± 0 .2 0
+  N  +  P 1.75 ± 0 .7 8 0.46 ±  0.02 1.29 ± 0 .5 7 1.06 ± 0 .2 5

a T h e  figures a re  expressed as m eans  ±  S.E . a n d  a re  a d ap ted  fro m  T ak ab ay ash i (1996). E a c h  tre a tm e n t is calcu la ted  p e r a rea  (cm - 
s tan d a rd ize d  to  chlo rophyll a; th u s  ‘x ’ in  th e  u n its  is fo r  ‘cm -2’ in  the  ‘a re a ’ tab le  an d  ‘chi a -1 ’ in  th e  ‘c h i a' table.

a n d  also

TABLE 12
T h e  irrad iance  a t w hich the  in itial slope o f  th e  gross p h o to sy n th esis  in tercep ts th e  h o rizo n ta l a sy m p to te  (4 ), th e  com pensa tion  irrad ian ce  (4 ) ,  an d  
th e  ra tio  betw een pc g max an d  rc m easu red  in co ra l subco lon ies a f te r  th ree -m o n th  in cu b a tio n  in  th e  E N C O R E  trea tm en ts . T h e  figures a re  expressed as

m e an  ±  S.E. (n  =  2).

T rea tm en t 7C (p E  m -2 s -1 ) 4  (p E  m  2 s ‘ ) Pc g max Ac

C 58.9 ± 7 .7 1 141.7 ±  16.0 3.55 ± 0 .1 4 6
+  N 73.0 ±  10.6 206.6 ± 6 1 .7 3.58 ± 0 .6 0 0
+  P 48.1 ± 3 .0 6 121.8 ± 1 4 .0 3.55 ± 0 .3 0 0
+  N  +  P 71.5 ± 5 .9 5 221.2 ± 2 5 .4 4.07 ±  0.225

stim ulation by am m onium  had  disappeared and phos
phate  caused a dram atic  decrease in  Ic and  I k b u t this did 
n o t change the ratio  o f gross photosynthesis to  respi
ra tio n  (Fig. 17). N u trien t trea tm en t significantly 
(p  >  0.05) affected Ic and  the initial slope (a) only. The 
S tudent-N ew m an-K euls test revealed th a t Ic from  the 
+  N  +  P  treatm ent was significantly greater {p <  0.05) 
th a n  from  the + P  treatm ent. Also, the a  in  the + P

treatm ent was significantly greater {p <  0.05) than  that 
in  the +  N  +  P  treatm ent.

Coral reproduction. M any aspects o f sexual repro
duction  in  acroporid  species o f  corals were affected by 
nutrients; m ost were inhibited b u t some were enhanced. 
Effects w ere dependent on tim e, species and  the nutrient 
in  question.
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F ig . 17 T he  irrad ian ce  a t  w h ich  th e  in itia l s lope o f  th e  g ro ss  pho to 

synthesis in te rcep ts  th e  h o rizo n ta l a sym pto te  (4 ), th e  com
p en sa tio n  irrad ian ce  (4 ) ,  a n d  th e  ra tio  betw een  p cg  m a x  and  rc 
m easu red  in  th e  c o ra l sub-colonies a fte r th e  n ine -m on th  in
cu b a tio n  in  th e  second  (h igh-load ing) regim e o f  th e  E N C O R E  
study . T h e  figures show  m ean  ±  SE (n =  2) a n d  a re  adap ted  
from  T a k a b ay ash i (1996).
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Am m onium
D uring  the sam pling period from  1993 to  1995 corals 
exposed to  elevated nitrogen produced significantly 
sm aller an d  fewer eggs and contained significantly less 
testes m ateria l than  those n o t exposed to  nitrogen 
(W ard and  H arrison , unpub. data). Fertilization ra tes of 
A . longicyathus eggs were significantly reduced by low 
concentra tions o f  nitrogen (down to 1 M am m onium ). 
Fertilized eggs showed a significant increase in the 
num ber o f  irregular em bryos and o f em bryos th a t 
stopped  developm ent a t the first cleavage stage (H arri
son and W ard , unpub. data). G am etes exposed to  
+  N  +  P in the laboratory  had  very low fertilization rates 
(Fig. 18). In  sim ilar trials using gam etes o f  the brain  
coral G. aspera , the percentage fertilization w as signifi
cantly  reduced only following exposure to  
50 pM  +  N  +  P, b u t there were significantly m ore de
form ed em bryos developed following exposure o f g a 
m etes to  + N  and + N  + P treatm ents (H arrison  and 
W ard , unpub . data).

In  settlem ent trials using larvae o f  A. longicyathus in 
1993, settlem ent rates were reduced by nitrogen trea t
m ents w ith very low settlem ent in the nitrogen plus 
phosphorus treatm ent (W ard and  H arrison , 1997). Set
tlem ent tiles were m apped and  rescored every three 
m onths un til 1996 to  m onitor settlem ent, m orta lity  and 
spa t grow th and  on these tiles nitrogen reduced settle
m en t o f  sp a t o f both  spawning and brood ing  species o f 
corals (W ard and  H arrison, unpub. data ; Fig. 19).

Phosphate. Exposure to  phosphorus enrichm ent affected 
a variety o f reproductive activities in  the coral species 
exam ined. C on trary  to  the pa tte rn  found in contro ls and 
o ther treatm ents, corals exposed to  phosphorus alone 
did n o t have a  reduction in the num ber o f  eggs per polyp 
as the gam etogenic cycle progressed. T he egg num bers 
p rio r to  spaw ning were significantly higher than  those o f 
corals from  contro ls and  o ther treatm ents (W ard and 
H arrison , 2000). Egg size was reduced by phosphorus 
treatm en ts an d  these patterns were consistent fo r bo th
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F ig . 18 T h e  percen tage  fe rtiliza tion  reco rded  in fe rtiliza tion  tria ls  

u s ing  eggs a n d  sperm  from  A . longicyathus, w hich  h ad  been 
exposed  to  add ed  N  a n d  P  in  the  la b o ra to ry . D oses  w ere 0 , 1, 
10, 100 a n d  1000 M  o f  N  a n d  P above  b ack g ro u n d  levels. T he 
b la n k  co lum ns rep resen t c ro ss 1 a n d  th e  sh ad ed  co lum ns cross 
2. E r ro r  b a rs  are  s tan d a rd  e rro rs.
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Fig . 19 T he  n u m b er o f  s p a t  o f  spaw n ing  (a ) a n d  b ro o d in g  co ra l spe
cies, w hich se ttled  o n  p a irs  o f  te rra c o tta  tiles in  d ifferen t n u 
trien t tre a tm en ts  betw een  N o v em b er 1994 a n d  Jan u a ry  1996. 
T hese d a ta  d o  n o t  tak e  a cco u n t o f  w hich sp a t survived; they 
a re  o f  se ttlem en t on ly . E r ro r  b a rs  a re  s tan d a rd  e rro rs.

A. longicyathus and  A . aspera. Ju st p rio r to  spawning, 
eggs from all colonies exposed to  phosphorus alone were 
very brigh t red in co n tra s t to  eggs in  corals from  other 
treatm ents, which ranged  from  cream  to  red w ith no 
consistent pattern  (W ard , 1997). P hosphorus d ram ati
cally reduced fertilization rates o f  A. longicyathus and 
significantly increased the incidence o f  irregular em
bryos and  em bryos th a t stopped developing a t the first 
cleavage stage (H arrison  and W ard, unpub. data). In 
fertilization trials w ith  gam etes o f G. aspera, there was a 
significant increase in the percentage o f irregular em
bryos form ed after they were exposed to  slightly ele
vated levels o f phosphorus (>  0.5-1 pM ) (H arrison and 
W ard, unpub. data). D uring  the 1993 settlem ent trials, 
phosphorus significantly reduced settlem ent rates and 
this pattern  continued when the tiles were rescored 
during 1994. W hen tiles were rescored from  Novem ber 
1994 to  January  1996, the phosphorus treatm ents en
hanced the settlem ent o f  spa t o f b rood ing  coral species, 
b u t did n o t aifect the settlem ent o f spa t o f broadcast 
spaw ning coral species (W ard and H arrison , unpub. 
data).

Lipid levels in corals. Lipid levels were m onitored  in 
the corals studied for reproduction  (A. longicyathus and 
A. aspera; see section above). E xposure to  elevated ni
trogen reduced the am oun t o f lipid in the tissues o f the 
corals, while exposure to  phosphorus increased the 
am oun t o f lipid present a t various tim es during the 
E N C O R E  experiment. Reproductive m aterial o f corals 
is rich in lipids and o u r results followed the general 
p atterns found for the m easures o f fecundity in  these 
species under similar treatm ents. Sam ples were also 
taken  in February  1995 before the gam etogenic cycles
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F ig . 20  T h e  p e rcen tag e  o f  lip id  in  th e  tissue o f  A . longicyathus  

tra n sp la n ted  in to  experim ental E N C O R E  p a tc h  reefs a t  O ne 
T ree  Is la n d  re e f  in  sam ples tak en  in F eb ru a ry , M ay , A ugust 
an d  N o v em b er 1995. E r ro r  b a rs  a re  s ta n d a rd  e rro rs.

com m enced and  the same patterns were observed 
(W ard, 1997). These results show th a t even very slight 
increases in  levels o f  n itrogen and  phosphorus can have 
large effects on  lipid levels in  coral tissues (Fig. 20).

S o ft corals
M ajor physiological/biochem ical indicators were 

m easured in Sarcophyton ehrenbergi, a soft coral com 
m on on the G reat B arrier Reef. In  addition, a  num ber o f 
effects n o t directly related  to  nu trien t enrichm ent were 
investigated, e.g. effects o f  transp lan ta tion  and com pe
tition  w ith a hard  coral species, P. damicornis. These 
studies are reported  elsewhere (Tentori et al., 1997).

N one o f  the nu trien t treatm ents showed any effects 
on: ( 1 ) concentrations o f sarcophytoxide (a terpene ac
tive in defence and com petition), (2 ) levels o f fatty  esters 
(the prim ary lipid energy storage and  m em brane com 
ponen t o f  these corals), and  (3) the ratio  o f terpene to 
lipid (an ind icato r o f physiological change used to  in
dicate stress in soft corals) in  S. ehrenbergi. This study 
has shown th a t soft corals are n o t sensitive indicators o f 
nutrient-induced stress in  coral reefs (Fleury et al., 
2000). Sarcophyton  species are com m on on inshore reefs, 
and  so it is n o t surprising  th a t they are able to  accom 
m odate a wide range o f nu trien t conditions w ithout 
adverse effects.

Giant clams
O ne Tree Island is ou tside the geographic lim it o f all 

clam  species w ith th e  exception o f T. m axim a. This 
species is present in significant num bers in the lagoon, 
in  the patch  reefs a n d  on the reef front. F o r  the 
E N C O R E  studies clam s in two size classes (65-100 
an d  200-220 m m ) fro m  the One T ree Island reef crest 
w ere random ly transp lan ted  into the experim ental 
patch  reefs (A m bariyan to  and  H oegh-G uldberg, 1997; 
Belda-Baillie et a l ,  1998) an d  then used fo r a  range of 
biochem ical, physiological and  ecological m easure
m ents.

Clam growth. The dependence o f tridacnids on  the 
photosynthetic capacity  o f their sym biotic zooxanthellae 
p opu la tion  for m uch o f  their energy requirem ents could 
be expected to  influence the biom ass param eters o f the 
w hole animal. T he nu trien ts am m onium  an d  phosphate 
are essential to  grow th in  photosynthetic au to trophs and 
an  increase in availability  in  w hat is generally regarded 
as a  low nutrien t environm ent m ight be expected to  
cause an  increase in b iom ass o f the clam. Sim ple bio
m ass param eters were m easured to  determ ine if any 
gross changes occurred during the course o f the en
richm ent. A  num ber o f  grow th param eters were m ea
sured in  the course o f  the first and second enrichm ent 
phases.

G row th  o f clam s m easured as changes in shell length 
and  buoyan t weight w as relatively linear over the period 
o f this study. The percentage daily change in length and 
b uoyan t w eight o f  the clam s was influenced by season 
(A m bariyanto  and H oegh-G uldberg, 1997). The highest 
g row th  and calcification rates were found during sum 
m er and  au tum n m onths. These rates w ere alm ost 
double those m easured during the w inter an d  spring 
m onths (A m bariyanto, 1996; A m bariyanto  and  Hoegh- 
G uldberg, 1997; A m bariyanto  and  H oegh-G uldberg, 
1999a).

T here was no  effect o f nu trien t enrichm ent on  the 
grow th (%  change in shell length per day, A m bariyanto 
and  H oegh-G uldberg, 1997) o f clams during the initial, 
low-loading phase of the experiment. In  the second 
phase, however, differences were found after 1 2  m onths 
o f  nu trien t enrichm ent. +  N  and +  N  +  P  enriched 
clam s exhibited significantly greater grow th in  shell 
length th a n  the control and  + P  treatm ents (A m bariy
an to  and  H oegh-G uldberg, 1997). W ith the  exception 
o f  the three-m onth m easurem ent in the first phase there 
w as no  significant difference in  the %  change o f  the 
clam s’ buoyan t weight per day. In  addition, neither the 
tissue w et weight, the protein conten t per g ram  o f clam 
m antle n o r the C :N  ratio  o f the m antle tissue was 
significantly affected by nu trien t enrichm ent in  any of 
the nu trien t treatm ents. However, changes in  the N:P 
ra tio  were observed in the larger clams. A ddition  o f P 
or N , b u t n o t N  +  P, caused corresponding changes in 
the N :P  ratio  (Am bariyanto and H oegh-G uldberg, 
1999b).
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General host metabolism
Biomass changes. There w as no effect o f nu trien t en

richm ent on  the w et tissue weight o f  T. m axim a  (g cm - 1  

shell length) during either the first o r second phase of 
n u trien t enrichm ent ( /? > 0 .0 5 ). The C :N  ratio  o f the 
m antle o f  clams from  the different treatm ents ranged 
from  4.11 to  4.83, and  was also no t influenced by n u 
trien t enrichm ent ( /? > 0 .0 5 ). The protein  conten t per 
gram  m antle o f contro l clam s did no t change during the 
first six m onths o f the first phase o f the experim ent 
(p  >  0.05). Significant differences were found in the 
protein  conten t per g ram  m antle after 13 m onths of 
nu trien t enrichm ent (p  < 0.036). The m ean values re
vealed a trend whereby the pro tein  conten t per gram  
m antle w ith -l-N-treated clam s had  the highest value, 
followed by +  N  +  P-treated, then +  P-treated  clams, 
and  finally by clams from  contro l patch  reefs. There 
were no differences in the  pro tein  conten t per gram  
m antle o f the clams during the second phase o f  nu trien t 
enrichm ent (p  >  0.05).

T he to ta l num ber o f  zooxanthellae per clam (cells 
clam -1) was significantly higher in all nu trien t trea t
m ents than  in controls six m onths after the beginning of 
nu trien t enrichm ent during  the first phase (p — 0.044) 
and after 13 m onths (p — 0.037).

Haemolymph. The haem olym ph is the m ain  conduit 
fo r both  the supply o f nu trien ts to  the anim al and 
zooxanthellae, and also the transfer o f photosynthate 
from  the zooxanthellae to  the host. Therefore, assuming 
nutrients are absorbed and  they have im pact on the 
symbiosis, haem olym ph com position  has the potential 
to  be used as a  m onitor fo r nu trien t perturbations in the 
w ater surrounding the clam . T he inorganic constituents 
o f the haem olym ph approxim ate those found in sea
w ater and  appear to  be in  equilibrium  w ith  th a t medium  
(Rees et al., 1993). T herefore changes in  seaw ater ni
trogen and  phosphorus o r any  response by the clam  and 
its zooxanthellae to  th a t change m ay be reflected in 
haem olym ph com position.

M onitoring  o f  phosphate, to ta l phosphorus and  am 
m onium  levels in haem olym ph showed no significant 
difference after both  one and  3 m onths in the initial, 
low-loading phase o f E N C O R E . A m m onium  levels were 
surprisingly high (>30 pM ) while phosphate was very 
low ( <0 . 1  pM ). These results are significantly different 
from  those previously ob ta ined  w ith  T. gigas in experi
m ents a t O rpheus Island  (F itt e t al., 1995). In  con trast to  
T. gigas, T. m axim a  h as unexpectedly high levels o f 
am m onium  in its haem olym ph. G rice (1999) has since 
confirm ed these high levels in T. maxima.

W ith the exception o f glycine concentrations in
creasing w ith N -enrichm ent, the free am ino acid pool in 
haem olym ph did n o t vary  significantly w ith nu trien t 
treatm ent. In  T. gigas th e  glutam ine: g lu tam ate ratio  is 
dram atically  affected by the  availability o f N  (Shepherd 
et al., 1999). However, this ra tio  was n o t influenced in 
T. m axim a. This, com bined w ith  the high am bient

concentration  o f am m onium  in the haem olym ph o f T. 
m axim a, indicates there are significant qualitative and 
quan tita tive differences between the two clams.

Zooxanthellae
The effect o f  nu trien t enrichm ent on the m utualistic 

zooxanthellae population  from  bo th  corals and clams is 
a fundam ental param eter in  determ ining the im pact o f 
nu trien t loading on coral reefs.

Population density and m itotic index. A  variety of 
zooxanthellar responses were seen in the E N C O R E  
project. A gain, these differences depended on the coral 
species, colony size and on  the nu trien t loading. N o 
differences were reported  fo r zooxanthellae from  P. 
damicornis (H oegh-G uldberg  and  M oreno unpub. data) 
during the initial, low-loading phase o f EN CO RE. 
Similarly, T akabayash i (1996) did n o t detect differences 
am ong nu trien t treatm ents fo r the population  density of 
zooxanthellae in small colonies o f  S. pistillata  during the 
second high-loading phase. However, in a set o f larger 
coral colonies (approxim ately 1 0  x  larger) used in a 
study o f the photophysiological responses o f S. pistillata 
to  nu trien t increases, significant differences between 
treatm ents were seen (Fig. 21). In  this case, the popu
lation  density o f zooxanthellae resident in the coral sub
colonies was significantly greater in the +  P  and  the +  N  
treatm ents com pared w ith corals from  contro l patch 
reefs (F 3 ,8  =  7.13, /? < 0 .0 1 ; Fig. 21). In  the high- 
loading phase zooxanthellae densities o f  large colonies 
o f  A. longicyathus w ere significantly higher in  + P  
treatm ents. In  A. aspera the highest densities were in the 
+  N  +  P b u t +  P  was also elevated with respect to  con
trols.

The cell density of zooxanthellae in clams in  nu trien t 
trea tm en t versus control patch  reefs showed trends after 
three and  six m onths, b u t these did n o t become statis
tically significant until 13 m onths when significantly
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F ig . 21 P o p u la tio n  density o f  zooxan thellae  in  5. pistilla ta  a f te r  ex

p o su re  to  + N , + P  a n d  + N  +  P d u rin g  the  second phase  o f  the  
E N C O R E  experim ent.
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Flg . 22  P o p u la tio n  density  o f  zooxan thellae  in  th e  c lam  T. m a x im a  as 
a  fu n c tio n  o f  E N C O R E  n u trien t tre a tm en ts  d u rin g  th e  first 
low  dose  phase.

higher num bers o f zooxanthellae were recorded in clams 
from  all th ree nu trien t treatm ents (Fig. 22). D uring the 
second, high-loading phase the increase in cell density 
was statistically significant after five m onths in all nu
trien t treatm ents.

Changes in density o f zooxanthellae have been ob
served previously in bo th  corals an d  tridacnids as a  re
su lt o f nu trien t enrichm ent (H oegh-G uldberg and 
Sm ith, 1989; Belda et al., 1993). This can  be a ttribu ted  
either to  increases in the m ito tic index o r the fact tha t 
the  anim al can  retain and support larger num bers o f 
zooxanthellae.

Experim ents to  examine the m ito tic  index (M I) o f 
zooxanthellae o f  clam s showed th a t m axim um  division 
occurred a t  03:00 h and m inim um  a t  15:00 h. H ow ever it 
was n o t until the 13th m onth  th a t the M I increased 
statistically over the control. This was in the low-loading 
phase. L ittle change was observed in  the second, high- 
loading phase.

M arked  decreases in the cell diam eter o f  zooxanthel
lae in  g ian t clam s (T . maxima) w ere seen in nu trien t 
treatm ents, particularly the +  N  trea tm en t com pared 
w ith the contro l. This m ay be indicative o f a higher di
vision ra te  and  the consequent increase in  zooxanthellae 
density  observed in these tridacnids.

Chlorophyll content. A  m ajor determ inan t o f  p ro 
ductivity w ithin sym biotic organism s like corals and 
clam s is the concentration  o f  the prim ary photosynthetic 
p igm ent chlorophyll. C hlorophyll has been found to  be 
highly responsive to  changes in the concentra tion  o f 
nu trien ts  like am m onium  (e.g. H oegh-G uldberg  and  
Sm ith, 1989). Few significant changes in  chlorophyll 
con ten t o f  zooxanthellae in  any organism s were detected 
during  the  initial, low-loading phase (H oegh-G uldberg 
unpub. data). T he exception was in  g ian t clams. H ere 
th e  to ta l chlorophyll a content o f  the clams from  all 
nu trien t treatm ents was significantly higher than  th a t o f

contro l clams after 6  and 13 m onths o f  nu trien t en
richm ent during the low -loading phase (p < 0 . 0 0 1  and
0.048 in F ebruary, 1994 and N ovem ber, 1994, respec
tively) (A m bariyanto a n d  H oegh-G uldberg, 1996).

D uring  the second phase o f  the project, however, a 
num ber o f research team s found th a t chlorophyll levels 
d id respond to  n u tr ie n t enrichm ent. T he areal concen
trations o f chlorophyll a  in S. pistillata  were higher in 
the + N  and + N  +  P  treatm ents than  in controls 
(Fig. 23), (T akabayashi, 1996). The concentrations of 
chlorophyll a  per zooxanthella in  the +  N  and  +  N  +  P 
treatm ents, however, were n o t significantly different 
from  those o f the co n tro l (Fig. 24). The increase in the 
areal concentration  o f  chlorophyll was thus due to  an 
increased population  density o f zooxanthellae, espe
cially in the +  N  treatm ent. These results are consistent 
w ith other studies w ith in  the project and the scientific 
literature (H oegh-G uldberg  and  Sm ith, 1989; M uller- 
P arker e t al., 1994; Stam bler et al., 1991, 1994). 
A m bariyanto and H oegh-G uldberg  (1996) also found 
significantly higher to ta l chlorophyll a content in am 
m onium -treated clam s 5 m onths after the beginning of 
the high-loading phase o f  nu trien t enrichm ent 
(p < 0.015). Just as w as found in the coral studies, the 
chlorophyll a con ten t p e r zooxanthella was n o t affected 
by nutrien t enrichm ent during the first o r second phase 
o f nu trien t enrichm ent.
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Fig. 23 C o n ce n tra tio n  o f  ch lo rophy ll as  a  fu n c tio n  o f  su rface a re a  in 

the  co ra l S. p istillata  exposed to  th e  second  h igh  d o se  E N 
C O R E  n u trien t treatm ents.
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Fig . 24 C o n ce n tra tio n  o f  ch lo ro p h y ll p e r zooxan thella  in  th e  co ra l S . 

p is tilla ta  exposed  to  th e  second  h igh  dose E N C O R E  n u trien t 
tre a tm e n ts .

Increases in chlorophyll and  concentration  p er un it 
area in +  N  an d  +  N  +  P treatm ents were related to  the 
increase in  num ber o f zooxanthellae (and hence b io 
mass) ra th e r th an  increases in chlorophyll per cell. This 
is consistent w ith the conclusions of previous laboratory  
or raceway studies (H oegh-G uldberg and Sm ith, 1989; 
D ubinsky  et al., 1990; S tam bler e t al., 1991; A m bariy
an to , 1996).

Ammonium uptake by zooxanthellae. A fter one m onth  
o f nu trien t enrichm ent there was no significant change 
in  the capacity  for am m onium  uptake by zooxanthellae 
in  large giant clams ( T . gigas) although a trend  was 
evident. A fter three m onths exposure to  nu trien t ad d i
tions, zooxanthellae from  +  N -treated  clams had  a  sig
nificantly low er am m onium  uptake capacity (down- 
regulated), while zooxanthellae from +  P -treated  clams 
had  a  significantly greater am m onium  uptake capacity 
(up-regulated) than  con tro l clams. However, zooxan
thellae from  +  N  +  P  trea ted  clams had  N -up take rates 
sim ilar to  con tro l clams. In  the +  N  +  P trea tm en t it  is 
likely th a t there was an  interaction  between the two 
nu trien ts cancelling o u t the effect o f  each in isolation. 
R esults ob ta ined  w ith  zooxanthellae freshly isolated 
from  the co ral P. damicornis showed a sim ilar trend 
after three m onths (Fig. 25).

Zooxanthellae ultrastructure. U sing electron m icros
copy, A m bariyan to  and  H oegh-G uldberg (1996) dem 
onstrated  th a t in the +  N  and  +  N  +  P treatm ents there

1 6 -

12 ‘
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4 -  ---------------

0 - -------  1------ --- 1   1“ "J  T ' -------1
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Fig . 25 Effect o f  n u tr ien t enhancem en t on  the  am m o n iu m  up take 
capac ity  o f  fresh ly  iso la ted  zooxan thellae  fro m  th e  co ra l P. 
damicornis.

was a  decrease in cell size and in the am o u n t o f  starch  in 
the sheath surrounding the pyrenoid o f  the zooxan
thellae chloroplast in  giant clams. This was n o t evident 
in  either the contro l o r phosphate  treatm ent. These re
sults are consistent w ith the fact th a t zooxanthellae are 
nitrogen limited. The zooxanthellae under enriched 
am m onium  conditions are capable o f  m obilizing starch 
reserves for the synthesis o f am ino acids. In  a similar 
study o f  zooxanthellae from  the branching coral S. p i
stillata  the zooxanthellae were sectioned and examined 
using a  sim ilar set o f  m ethods (Takabayashi, 1996). In 
con trast to  changes observed in  clams, zooxanthellae in 
S. pistillata  were the same size in all treatm ents and had 
sim ilar am ounts o f starch surrounding  the ir pyrenoid 
stalks suggesting th a t, perhaps, the zooxanthellae in 
«S', pistillata  were n o t nitrogen limited.

D M S P  in zooxanthellae 
S tudies in the G reat B arrier R eef have show n that 

co ral zooxanthellae contain  abundan t am ounts o f dim- 
ethylsulphoniopropionate (D M SP) (Jones et al., 1994; 
B roadbent et al. unpub. data). The exact role and 
function  o f  D M SP in algae and coral zooxanthellae is 
n o t know n, although in algae it has been suggested that 
D M S P  acts as an  osm olyte (K irst, 1989). R ecent w ork 
suggests th a t the concentration  o f  D M S P  in certain 
species o f  algae may be an  adap ta tion  to  a  low nutrient 
environm ent (Liss and  G alloway, 1993). N itrogen has 
been suggested as the m ost energy efficient preference 
fo r the synthesis o f osmolytes. D uring nitrogen lim ita
tion , it has been suggested th a t sulphur can replace some 
nitrogen-containing osmolytes o f sim ilar structure (e.g. 
glycine betaine), so th a t nitrogen can be utilized for the 
m ore im portan t process o f  am ino acid and protein 
synthesis. D uring  E N C O R E  the effect o f  nu trien t en
richm ent by +  N  and +  P on the synthesis o f  D M SP was 
exam ined in the coral A. palifera.
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A fter 65 days D M SP (nm ol/polyp) decreased in  col
onies enriched w ith + N  and  + P  com pared with con
trols. A fter 273 days, however, th is trend  had  been 
reversed, w ith a  significant increase in D M SP in 
+  N  +  P, and +  P enriched colonies, indicating an effect 
on D M SP from  P  enrichm ent. A t the cellular level, 
however, nu trien t enrichm ent showed no  clear trend  in 
zooxanthellar D M SP (fmol/cell).

Bioerosion
Bioerosion consists o f in te rnal boring by m acro- and 

m icro-organism s, and external erosion by grazing o r 
ganism s such as scarids and  molluscs. In  m any reef sit
uations, dead coral substra ta  are n o t only subjected to  
bioerosion bu t are added  to  by calcareous algae and 
various encrusting fauna including serpulid worms, 
bryozoans and bivalve m olluscs. Thus substra ta  may 
experience net gains or net losses o f  calcium  carbonate. 
K iene and H utchings (1994) have discussed the rela
tionships between these two processes.

G ektidis (1997) identified six species o f  cyanobacteria/ 
cyanophyta, o f which three are possibly new  species, 
three genera o f green algae each represented by a  single 
species and a rhizoid o f a  green alga, in his samples of 
Tridacna, calcite and  lim estone from  One T ree Island 
patch  reefs. Differences in th e  species com position and 
abundance o f these com m unities could n o t be related to 
the various nu trien t treatm ents. W hile no treatm ent ef
fect was observed, differences in the structure o f  these 
com m unities varied over tim e, and  hence did rates of 
bioerosion. Vogel e t al. (1996) suggest th a t the position 
o f  the patch reefs w ithin the One Tree lagoon is a  m ajor 
factor controlling these com m unities. K iene (1994) re
corded the highest and lowest average rates o f m icro
boring (7.56 and  43.44 g m - 2  y r_1) on patch  reefs w ith 
bo th  N  and P  added. T here was a  trend for average 
m icroboring rates to  increase from  east to  w est through 
the lagoon. In  contrast, K iene (1994) found  no  differ
ences related to  position o f  the  patch  reefs in  the lagoon 
w ith  regard to  grazing or m acroborers after 26 m onths 
o f exposure and no effects o f  nutrients. However, he 
stressed th a t perhaps a  2 -year study period was insuffi
cient to  investigate the effects o f n u trien t addition on 
m acroborers. Com plem entary studies were done by 
H utchings (unpub. data) to  investigate rates and  agents 
o f m acroborers, losses o f  calcium  carbonate due to  
grazers and gains by accretion, in  the contro l sites, as 
well as the +  N  +  P  sites. T o date only substra ta  exposed 
fo r 2  years have been analysed and  substra ta  exposed 
fo r a further 2 years are currently  being analysed. A fter 
2  years, no significant differences were found between 
contro l and nutrient-enriched patch  reefs, w ith all sites 
experiencing net losses (ie grazing and boring exceeded 
gains by accretion) o f substra ta  o f between 1.57 ±  0.24 
an d  2.83 ±  1.06 kg C a C 0 3  m ~ 2  y-1 . This is in  contrast 
to  K iene (1994) w ho found  th a t the dry  weight o f the 
samples increased a t m ost sites, indicating  th a t net ac
cretion w as generally higher than  net erosion. The ap 

paren t difference in results is p robably  due to  the 
m ethods used. K iene (1994) used dry weight o f blocks 
before and after exposure, whereas H utchings (unpub. 
data) m easured loss an d  gains o f calcium carbonate 
from  digitized sections o f the blocks (see Pari e t a l,  
1998). In  sum m ary all studies o f  bioerosion and  accre
tion  showed th a t the addition  o f nu trien ts had no  sig
nificant effects on rates, a t least over a 2-year period. N o 
attem pt was m ade to  distinguish between the low and 
high-loading phases. T h ro u g h o u t the 2 years, the infa
una boring organism s were characterized by relatively 
few species, w ith verm etid m olluscs and the polychaete 
Dodecaceria  dom inant, w ith increasing exposure time, a 
m ore diverse boring  com m unity has developed (H utch
ings unpub. data).

Conclusions
A sum m ary of all results from  the E N C O R E  study is 

presented in Table 13.
The study dem onstrated  a num ber o f  im portan t ef

fects o f inorganic nu trien ts on  coral reef organism s and 
biochem ical and  ecological processes. O n the o ther hand 
it d id  n o t reveal some of the effects generally expected 
from  nu trien t impacts.

(1) N utrients caused considerable effects a t the level of 
the organism  (e.g. increased m ortality , reduced repro
duction  o f  corals) b u t did n o t cause coral reefs to  con
vert from  coral com m unities to  seaweed-dom inated 
reefs as has been recorded elsewhere (Sm ith et al., 1981). 
W e did n o t observe a stim ulation o f prim ary produc
tivity o f epilithic algal com m unities (EAC), and only 
saw  m inor increases in larger m acroalgae. In  the lagoon 
o f One T ree Island, the fastest growing com ponent of 
the algal com m unity, the EAC, is n o t nu trien t limited.

(2) One o f  the m ost im portan t observations o f this 
project was the im pact o f  nutrients on coral reproduc
tion. W hile grow th and m orta lity  increased in  some 
species o f  corals, other species were unaffected. The 
p roduction  o f viable gametes and successful fertilization 
were reduced by the addition o f bo th  inorganic nitrogen 
and  phosphorus. This m ay be a  factor contributing  to 
the observed decline of reef-building corals close to  de
veloped sections o f coastline. F u rthe r investigation of 
these sub-lethal im pacts on  coral reef organism s is rec
om m ended.

The Direct Effect of Increased Nutrient Avail
ability on Coral Reef Organisms

Increasing concentrations o f nutrients had  a num ber 
o f d irect effects on the organism s living w ithin the E N 
C O R E  patch  reefs. W hile m any organism s showed 
subtle responses a t biochemical levels (e.g. increased 
nitrogen storage in macroalgae, decreased starch storage 
in  zooxanthellae, shifts in  the activity o f assimilation 
enzymes w ith in  the zooxanthellae of clams), some
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T A B L E  13

S u m m ary  o f  m a jo r  responses o f  organ ism s s tu d ie d  d u rin g  th e  low  (S ep tem ber 1993-D ecem ber 1994) a n d  h igh  (Ja n u ary  199 5 -F eb ru ary  1996) loading
p hases.3

P a ra m e te r  T rea tm e n t

L ow H igh

+  N +  P +  N + P +  N  + P +  N  +  P

P lan ts

Phytop lankton N o  d a ta N o  d a ta N o  d a ta 0 0 0
Z o oxan the llae  {clam) 
o M ito tic  index T T Î 0 0 0
o C ell d iam eter (clam s) 1 r r N o  d a ta N o  d a ta N o  d a ta
o U ltra s tru c tu re  (size, p y ren o id  starch ) 1 0 I N o  d a ta N o  d a ta N o  d a ta
o A m m o n iu m  u p ta k e X T 0 N o  d a ta N o  d a ta N o  d a ta
o C h lo rophy ll p e r  cell 0 0 0 0 0 0

Z ooxanthe llae  {coral)
o M ito tic  index {Stylophora pistillata) 0 0 0 0 0 0
o C ell d iam e ter {S. pistilla ta) N o  d a ta N o  d a ta N o  d a ta 0 0 0
® U ltra s tru c tu re  (size, py reno id  starch) N o  d a ta N o  d a ta N o  d a ta 0 0 0
o C h lo ro p h y ll p e r  cell 0 0 0 0 0 0
o A m m onium  u p tak e N o  d a ta N o  d a ta N o  d a ta i 0 0
o D M S P  (p e r zooxan thella) 0 0 0 N o  d a ta N o  d a ta N o  d a ta

Incrusting  algae an d  Rhodoliths
e B u o y an t w eight 0 0 0 0 0 0
o G ro w th  ra tes 0 0 0 0 0 0
o C alcification  (a lkalin ity) 0 0 0 0 0 0
o C a rb o n  p ro d u c tio n N o  d a ta N o  d a ta N o  d a ta 0 0 0

E pilith ic  algae com m unity
o N itro g en  u p ta k e 0 0 N o  d a ta N o  d a ta N o  d a ta N o  d a ta
o C a rb o n  p ro d u c tio n 0 0 0 0 0 0
c G ro w th 0 0 0 0 0 0
c C h lo ro p h y ll a 0 0 0 0 0 0
e A lk a lin e  p h o sp h ata se 0 0 0 0 0 0

F ilam entous algae
® C arb o n  p ro d u c tio n 0 0 0 N o  d a ta N o  d a ta N o  d a ta
o A lk a lin e  p h o sp h a ta se  {Laurencia intricata) 0 0 0 0 0 0
® A m ino  ac id  c o n te n t (citrulline) T 0 T N o  d a ta N o  d a ta N o  d a ta
•  T o ta l am in o  acid  con ten t 0 0 0 N o  d a ta N o  d a ta N o  d a ta
® T o ta l tissue N 0 0 0 N o  d a ta N o  d a ta N o  d a ta
c  C :N  ra tio  {Laurencia intricata) 0 0 0 N o  d a ta N o  d a ta N o  d a ta
o C h lo ro p h y ll a {Laurencia intricata) 0 0 0 N o  d a ta N o  d a ta N o  d a ta
o G ro w th  {Laurencia intricata) 0 0 0 0 0 0
o N itro g en  fixa tion  (com m unity  o n  Laurencia intricata) N o  d a ta N o  d a ta N o  d a ta i 1 i

A nim als
Reef-build ing  corals 
S ym b io n t popula tion  density  
o Pocillopora dam icornis  (nubb ins) 0 0 0 N o  d a ta N o  d a ta N o  d a ta
o Sty lophora p is tilla ta  (nubbins) N o  d a ta N o  d a ta N o  d a ta 0 0 0
o S ty lophora  p is tilla ta  (large) N o  d a ta N o  d a ta N o  d a ta 0 0 N o  d a ta

T o ta l chlorophyll content
o S ty lophora p is tilla ta  (nubb ins) N o  d a ta N o  d a ta N o  d a ta T 0 Î

M o rta lity
•  Pocillopora dam icornis (nubb ins) 0 0 0 0 T T
® A cropora longicyathus  (nubb ins) 0 0 0 T* Î* 0
•  Acropora longicyathus  (large) N o  d a ta N o  d a ta N o  d a ta 0 0 0
o Acropora aspera N o  d a ta N o  d a ta N o  d a ta 0 0 0

G row th
L inear extension  
o Acropora pa lifera 0 0 0 i T T
» A. longicyathus 0 0 0 i î T
B uoyan t weight
o A cropora  longicyathus  (large) N o  d a ta N o  d a ta N o  d a ta î Î T
o A cropora aspera  (large) N o  d a ta N o  d a ta N o  d a ta 0 i 0
o A cropora pa lifera  (large) N o  d a ta N o  d a ta N o  d a ta T 0
o A cropora longicyathus  (nubb ins) 0 0 0 I* 0 0
® Pocillopora dam icornis (nubb ins) 0 0 0 I 0 i
o S ty lophora  p is tilla ta  (nubb ins) N o  d a ta N o  d a ta N o  d a ta I* 1* 0

115



M arin e  P o llu tio n  Bulletin

T A B L E  13 (C O N T IN U E D )

Ph o  tophysiol ogy  
A fte r  3 m onths
•  G ro ss  P h o to sy n th e tic  ra te  (per cm 2) N o  d a ta N o  d a ta N o  d a ta 0 T 0
•  N e t P h o to sy n th e tic  ra te  (p e r cm 2) N o  d a ta N o  d a ta N o  d a ta 0 T 0
© P h o to sy n th e tic  Efficiency N o  d a ta N o  d a ta N o  d a ta 0 0 0
•  R esp ira to ry  ra te  (p e r cm 2) N o  d a ta N o  d a ta N o  d a ta 0 T 0

A fte r  9  m onths
• G ro ss  P h o to sy n th e tic  ra te  (per cm 2) N o  d a ta N o  d a ta N o  d a ta 1 0 0
•  N e t P h o to sy n th e tic  ra te  (p e r cm 2) N o  d a ta N o  d a ta N o  d a ta 0 0 0
•  P h o to sy n th e tic  Efficiency N o  d a ta N o  d a ta N o  d a ta 0 0
•  R esp ira to ry  ra te  (p e r cm 2) N o  d a ta N o  d a ta N o  d a ta 1 0 0

Acropora longicyathus  (ske le ta l)
•  B ulk  density N o  d a ta N o  d a ta N o  d a ta T 1 ?
•  M icrodensity N o  d a ta N o  d a ta N o  d a ta T î ?
•  M u cu s cell density N o  d a ta N o  d a ta N o  d a ta 0 ?
•  F re e  body w all th ickness N o  d a ta N o  d a ta N o  d a ta 0 T ?
Stylophora  p is tilla ta  (skeletal partic le  size) N o  d a ta N o  d a ta N o  d a ta 0 1 0

S . p is tilla ta  (D en sity  o f  sym bionts) N o  d a ta N o  d a ta N o  d a ta 0 0 0
•  D M  SP (per p o ly p , Acropora palifera) 0 T T N o  d a ta N o  d a ta N o  d a ta
R eproduction! R ecru itm ent 
Egg numbers 
•  Acropora longicyathus i 0 I 0
•  A cropora aspera I 0 1 i 0 i

E gg size
•A cropora longicyathus I i 1 1 1 I
•  A cropora aspera 1 1 ! I i i

Testes tota l
•  Acropora longicyathus 1 T 1 0 T I
•  Acropora aspera I T i 0 î i

Fertilization rates
•  Acropora longicyathus i .1 1 i 1 i
•  Goniastrea aspera 0 1 0 0 i

O ccurrence o f  irregular em bryos
•  Acropora longicyathus T T T T î î
•  Goniastrea aspera T T Î T T T

Settlem ent success
•  S paw ning  species I 0 1 i 0 1
® B rood ing  species 1 0 I i î î

Lipids
•  Acropora longicyathus
•  Acropora aspera 1

T
Î i

i
1

r
T

1
I

•  Acropora bushyensis 1 T i i T I

S o ft corals
•C :N :P N o  d a ta N o  d a ta N o  d a ta 0 0 0
•  T erpene  p ro d u c tio n N o  d a ta N o  d a ta N o  d a ta 0 0 0
• L ip id s  (fa tty  ester) N o  d a ta N o  d a ta N o  d a ta 0 0 0
•  S tress (te rpenes/lip ids) N o  d a ta N o  d a ta N o  d a ta 0 î 0

G iant clams 
Growth  
•  Shell length 0 0 0 T T 0
•  B u o y an t w eight 0 0 0 0 0 0
•  W et tissue w eight 0 0 0 0 0 0
•  P ro tein  co n ten t p e r  g ram  m an tle Î T T 0 0 0
•  C :N  (clam  on ly) 0 0 0 0 0 0
0 N :P N o  d a ta N o  d a ta N o  d a ta T I 0
•  H aem olym ph  (N ,P ) 0 0 0 N o d a ta N o  d a ta N o  d a ta
•  G lycine (free a m in o  ac id  poo l) T T T N o d a ta N o  d a ta N o  d a ta
•  U p ta k e  o f  d isso lved  free  am in o  acids N o  d a ta N o  d a ta N o  d a ta 0 N o  d a ta N o  d a ta
•  R esp ira tion 0 0 0 0 0 0
• P ho tosyn thesis 0 0 0 0 0 0

D ensity  o f  sym bion ts T T Î î î T
T o ta l chlorophyll con ten t (per clam  ) r T T T 0 0

Stom a topod  recruitm ent N o  d a ta N o  d a ta N o  d a ta I* 0 1

Fish
•  G raz in g  ra te 0 0 0 0 0 0
•  P om acentrus w ardi fecund ity 0 0 0 0 0 0
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C om m unity  responses
o N -fixation  X 0  X 4- T -l
» D en itrifica tion  (sedim ents) N o  d a ta  N o  d a ta  N o  d a ta  T T T
« B ioerosion  0  0  N o  d a ta  N o  d a ta  N o  d a ta  N o  d a ta

“ A rrow s ind ica te  d irec tion  o f  s ignificant changes. A sterisks ind ica te  s tro n g  b u t n o t s ignificant responses. N o  d a ta  ind ica te  th a t  m easurem ents were 
n o t perfo rm ed . T here  m ay  h av e  been m in o r seasonal differences in  cases w here  m easurem ents w ere re p ea ted  over th e  year -  sum m ary  indicates the  
m o s t com m on type o f  response in  these  cases.

organism s showed quite substan tia l changes. O f these, 
reef-building corals show ed som e o f  the m ost dram atic  
changes. The direct effect o f nutrients on reef-building 
corals ranged from  slower grow th (in m any species) to 
higher m ortality  rates (up to  threefold higher than  those 
grow ing in contro l p a tch  reefs). Significant effects on 
coral reproductive capacity  were also observed. In  p a r
ticular, corals exposed to  elevated am m onium  produced 
significantly sm aller and  fewer eggs and  contained sig
nificantly less testes m aterial than  unexposed corals. 
G am etes exposed to  am m onium  with or w ithout phos
phate had  very low fertilization rates. P hosphorus on its 
own dram atically  reduced fertilization rates and  also 
significantly increased the incidence o f  irregular em 
bryos. In  m any cases, developm ent was arrested a t the 
first cleavage stage.

These observations suggest th a t the changes in the 
abundance o f  corals associated w ith eu trophication  of 
tropical coastlines m ay also be related to  m ore subtle 
effects such as those on  co ral reproduction  in  addition to 
direct effects on survivorship. I t  also suggests th a t a 
closer study o f  the reproductive behaviour o f corals and 
their recruitm ent in areas affected by increased nutrients 
levels should be done.

Bioindicators of Nutrient Stress
E N C O R E  research focused on the biochemical, 

physiological and  ecological changes th a t occur in  coral 
reefs exposed to  increased levels o f inorganic nutrients, 
nitrogen and phosphorus. One o f  the possible outcom es 
o f this type o f w ork is th a t it  can identify organism s and 
processes th a t m ight be useful as biological indicators of 
nu trien t stress. A  num ber o f param eters were initially 
identified as potential bio indicators b u t did n o t reveal 
consistent responses o r had  responses th a t were com 
plicated by species-specific behaviour. N otably , the 
prim ary production  and  phosphatase activity o f  EAC 
and  m acroalgae, buoyan t w eight ( =  grow th) and skel
etal structure o f reef-building corals and sediment 
chem istry (e.g. dissolved free am ino acid concentrations) 
did n o t show  the consistent responses necessary fo r use 
as bioindicators. O ur results did, however, show prom 
ise w ith a  num ber o f  param eters th a t had  clear and 
m arked responses. These were:

1. Gam etogenesis in  reef-building corals (W ard and 
H arrison , 2000).

2. U ltrastructure o f zooxanthellae (A m bariyanto and 
H oegh-G uldberg, 1997).

3. C :N  ratios in coral and  zooxanthellae tissue (H oe
gh-G uldberg et a l ,  unpub. data).

4. N itrogen  fixation in sedim ents and  algal/cyano- 
bacterial com m unities and  sedim ent denitrification 
(O ’Neil et a l ,  unpub. data).

Clearly further developm ent w ork  will be necessary to 
develop these into useful tools. Specifically, it will be 
necessary to  investigate how  a  m easured change in  a 
p articu lar indicator can  be interpreted in ecosystem 
term s. E N C O R E  has p u t a  num ber o f param eters on the 
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