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Abstract
The Pacific Decadal Oscillation (PDO) Is a large-scale climatic phenomenon modulating ocean-atmosphere variability on 
decadal time scales. While precipitation and river flow variability In the Great Barrier Reef (GBR) catchments are sensitive to 
PDO phases, the extent to which the PDO influences coral reefs is poorly understood. Here, six Porites coral cores were used 
to produce a composite record of coral luminescence variability (runoff proxy) and Identify drivers of terrestrial Influence on 
the Keppel reefs, southern GBR. We found that coral skeletal luminescence effectively captured seasonal, inter-annual and 
decadal variability of river discharge and rainfall from the Fitzroy River catchment. Most importantly, although the influence 
of El Niño-Southern Oscillation (ENSO) events was evident in the luminescence records, the variability In the coral 
luminescence composite record was significantly explained by the PDO. Negative luminescence anomalies (reduced runoff) 
were associated with El Niño years during positive PDO phases while positive luminescence anomalies (Increased runoff) 
coincided with strong/moderate La Niña years during negative PDO phases. This study provides clear evidence that not only 
ENSO but also the PDO have significantly affected runoff regimes at the Keppel reefs for at least a century, and suggests that 
upcoming hydrological disturbances and ecological responses in the southern GBR region will be mediated by the future 
evolution of these sources of climate variability.
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Introduction

U nderstand ing  past clim ate variability and  the historical 
occurrence o f extrem e w eather events, such as tropical cyclones 
and  floods, is critical w hen predicting  the ecological consequences 
o f  future clim ate change as well as p reparing  for their im pacts on 
hu m an  coastal settlements. A lthough the effects o f the El Niño- 
Southern  O scillation (ENSO) and  the Pacific D ecadal Oscillation 
(PDO) on  A ustralian hydrological regimes are relatively well 
understood [1-6], the 2010-2011 La N iña event, one of the 
strongest on  record  [7], severely im pacted hum an  com m unities 
and  coastal ecosystems along the Q ueensland  coast o f Australia. At 
the start o f 2011, heavy rainfall caused one o f the m ost significant 
floods in A ustralia’s recorded history, followed by severe T ropical 
Cyclone Yasi, w hich was the strongest cyclone to m ake landfall in 
Q ueensland since 1918 [7]. M ore recently, by the end  of Jan u a ry  
2013, ex-Tropical Cyclone Osw ald strongly affected hum an  
populations along the east coast o f A ustralia due to the extrem e 
rainfall that broke historical records (precipitation and  flood) at 
several localities [8], C om prehensive historical analyses o f such

extrem e events are scarce because o f the lack o f long-term  
instrum ental an d  proxy clim ate records [9-12]. Therefore, 
predictions o f their frequency an d  intensity rem ain  uncertain.

N atural archives, such as annually-banded coral skeletons, can 
be used to derive proxy clim ate da ta  on seasonal to centennial 
time-scales, ex tending far beyond instrum ental records [13,14], 
For instance, lum inescent lines in coral skeletons, w hich are caused 
by the incorporation  o f terrestrial hum ic acids carried  to the reef 
during  flood events [15], are a  reliable proxy for reconstructing 
freshwater inputs to coastal ecosystems an d  regional precipitation 
variations [16,17]. W hile the use o f coral lum inescence has 
increased our understand ing  o f how  clim atic cycles influence 
rainfall, flood regimes and  hurricane activity [18-23], recent 
advances in lum inescence controls and  application techniques [24] 
have revealed previously unidentified relationships w ith clim ate 
phenom ena, such as the P D O , contributing  to local and  regional 
analyses o f past, present, and  future clim ate variability [25].

For the east coast o f Australia, E N SO  is the dom inant driver o f 
in ter-annual rainfall variability [26], yet this E N SO -rain fall 
teleconnection is, in turn , m odulated  by  the In terdecadal Pacific
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Oscillation (IPO, similar to PD O ) [27,28], Consequently, histor­
ical analysis analyses o f  rainfall, river discharge and  flood risk 
m odelling have identified th a t during  negative/coo l P D O  phases, 
the im pact o f  L a N iña events on  rainfall/floods is greater than  
during  positive/w arm  P D O  phases [6,29-32], For the G B R , it is 
know n that E N SO  events unevenly affect the system b u t the 
influence o f  o ther large-scale sources o f  clim ate variability has not 
been fully assessed [33], W hile some studies on the G B R  have 
verified the relationship betw een E N S O  and  coral lum inescence 
[19] and  river flow an d  rainfall reconstructions based on 
lum inescence [17,34], the m odulating effect o f the P D O  on such 
records has received little attention . T hus far, varying correlations 
betw een river flow reconstructions and  E N S O  indices using w arm  
(1925-1946) and  cold (1947-1976) phases o f  the P D O  confirm  the 
non-stationary E N SO -river flow teleconnection for the G B R  [20], 
T herefore the nature  an d  extent o f  the relationship betw een the 
P D O  an d  coral lum inescence records o r lum inescence-based 
ra in fa ll/ru n o ff reconstructions rem ain  poorly constrained for the 
GBR. D eterm ining prim ary  drivers o f  in ter-annual an d  decadal 
lum inescence will not only allow better ra in fa ll/ru n o ff reconstruc­
tions b u t also im prove the predictability an d  m anagem ent o f 
hydrological-related disturbances im pacting h um an  populations 
and  ree f  ecosystems along the G B R  catchm ent area.

H ere, we present the first decadal-scale (90-year) composite 
record  (1921-2011) o f  lum inescence spectral ratios from  multiple 
coral colonies as an  indicator o f  the Fitzroy R iver discharge to the 
K eppel reefs, southern GBR. W e also exam ine potential 
environm ental (runoff and  rainfall) an d  climatic (EN SO  and  
PD O ) drivers o f  lum inescence variability on  m onthly to multi- 
decadal tim e scales an d  discuss key im plications for the 
hydroclim atology o f the southern GBR. O u r results support

growing indications th a t the future evolution o f E N SO  and  the 
P D O  will determ ine the frequency and  intensity o f  extrem e 
clim atic events affecting A ustralia’s east coast (i.e. floods) and 
provide new insights into the significant role th a t the P D O  cycles 
play in coral ree f dynam ics o f  the southern GBR.

M ethods

Ethics Statement
Sam ple collection was conducted  under the G reat Barrier R eef 

M arine Park A uthority  (GBRM PA) perm it num ber G 10/33402 .1 .

Study Site and Sampling
C oral cores were collected w ith a  pneum atic  drill a long the 

grow th axis from  six massive Porites sp. colonies at w ater depths 
betw een 3 -7  m  from  four locations in the K eppel islands, inshore 
G reat Barrier R eef (23u0 5 '-0 4 ' S an d  150u5 4 '-5 3 ' E; Figure 1, 
T able  SI). T hese continental islands are surrounded by fringing 
reefs [35] w ith relatively high coral cover (52%), and  are 
dom inated  by  extensive stands o f  b ranch ing  Acropora spp [36], 
T h e  reefs are influenced by terrestrial run-off from  the Fitzroy 
catchm ent, the largest seaw ard-draining catchm ent discharging to 
the G B R  lagoon with an  area  o f  ~ 1 4 4  000 km" [37,38], All 
sam pling sites w ere located w ithin 50 km  o f  the m outh  o f  the 
Fitzroy R iver (Figure 1, T able SI), w hich is a  m ajor source o f 
terrestrial m aterial to the G B R  lagoon [39-41] delivering m ore 
th an  3400 k to n n es/y r o f  total suspended solids, only second to the 
B urdekin R iver [42]. T h e  m ean  annual river discharge m easured 
a t the closest gauging station to the river m outh  (Rockham pton) is 
4.8 XIO6 M L, reaching up to 22 x IO6 M L  during  large flood 
events [43,44], T h e  clim ate o f the region is characterized by a

North Keppel \

Square Rocks
SQ1 & 2 ' •

Miall Island

Great Keppel •>;gk2

A U STR ALIA

Figure 1. Map displaying the location of the Keppel Islands, sampling sites (white dots) and the Fitzroy River. A dditional in fo rm ation  
a b o u t  sam pling  sites  is p ro v id ed  in T able S I. S ate llite  im ag e  o b ta in e d  from  h ttp ://g lo v is .u sg s .g o v /an d  in se t aerial p h o to s  c o u rte sy  o f  P. W iliams. 
doi:10.1371 /jo u rn a l.pone.0084305 .g001
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Figure 2. Tim e series of G/B anomalies for the period 1921-2011. (A) Monthly G/B anomalies for all six cores. (B) Number of cores used to 
construct the composite record. (C) Long term G/B composite record, with major flood events registered by instrumental records. Colour dashed lines 
under the profile denote the highest individual flood events registered at Rockhampton, the nearest gauging station to the river mouth (data from 
Water Division Brisbane, Bureau of Meteorology, Station 039264). Colours refer to gauge height in m. Shaded areas correspond to La Nina periods. 
doi:10.1371 /journal, pone.0084305.g002

w inter dry season (April to Septem ber) and  a  sum m er wet season 
(O ctober to M arch) [20,45]. As a  result, river discharge m ainly 
occurs in the sum m er-w et season [41,46], A lthough the Fitzroy 
R iver discharges to the south o f the K eppel islands, p redom inan t 
south-east winds and  currents prom ote  a  north-flow ing m ovem ent 
o f  flood plum es generated  during  high flow events [47]. Further, 
the Coriolis Force contributesto diverting flood plum es northw ards 
on  the G B R  [48],

Luminescence Analysis
C oral cores were cut longitudinally using a  circular saw into 

7 m m  thick slabs. Before lum inescence analysis, coral slabs were

Table 1. Correlation coefficients (R) of monthly and annual G/ 
B anomalies between the composite record and each core 
from 1982 to 2011.

Composite record (m onthly) Composite record (annual)

GK2 0.75 p <0.001 0.83 p <  0.001

SQ1 0.73 p <0.001 0.87 p <  0.001

SQ2 0.60 p <0.001 0.56 p = 0.002

MU 0.81 p <0.001 0.91 p <  0.001

MI2 0.78 p <0.001 0.82 p <  0.001

GK3 0.58 p <0.001 0.57 p = 0.002

Bold values significant at p<0.05. 
doi:10.1371 /journal.pone.0084305.t001

X -rayed  an d  then  treated  with N aO C l for 24 h  to rem ove organic 
contam inants th a t can  quench the lum inescence signal [49]. T he 
slabs were ultrasonically rinsed several times w ith u ltrapure  w ater 
(18.2.M O.cm) an d  subsequently oven-dried for 24 h  (50"C).

T h e  Spectral Lum inescence Scanning (SLS) technique was 
applied to the  six coral cores in o rder to quantify skeletal 
lum inescence [24] an d  to reconstruct the historical river influence 
in the K eppel reefs. T his m ethod  scans coral slabs under a  LTV 
light source using a  line-scan cam era  (Figure SI), w hich records 
lum inescence emission intensities into three  spectral ranges, blue 
(B), green (G) and  red  (R). R G B  intensities w ere acquired  using the 
L ine Scan Software V ersion 1.6 (Avaatech). T h e  spectral G /B  
ratio was used as a  proxy for river runoff as this relationship 
norm alises the hum ic acid (G) signal derived from  h in terland  soils 
to the skeletal aragonite  (B) signal [24,50].

Age Model and Coral Composite G/B Record
Age m odels were constructed by  counting  density bands using 

digital X-rays. In  addition  to X-rays, crossdating, using conspic­
uous lum inescent lines, validated the  age m odels for all cores 
[19,24], In ter-annual chronologies w ere based on  the seasonal 
cycle o f G /B  ratios. W e assigned the G /B  m inim a values to the 
driest m onth  (August), according to historical rainfall a n d  river 
discharge records (see below - Environm ental a n d  clim atic data). 
As SLS provides da ta  a t sub-weekly resolution [24], G /B  tim e 
series from  each core were linearly  in terpolated  to 12 points per 
year to obtain  m onthly  chronologies using AnalySeries 2.0 [51],

A composite G /B  record  spanning 90 years (1921—2011) was 
created  by standardizing the  six coral cores by  the m ean  (m onthly
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Figure 3. Comparison of the 20 highest G/B anomalies and m onthly stream discharge rates for the period 1921-2011. Year, PDO 
phase (positive/negative) and ENSO state (Niño/Niña) is indicated for each record. Asterisks denote if a record is present only in one ranking. Stream 
discharge data from Queensland Department of Environment and Resource Management gauging stations on the Fitzroy River at The Gap (Station 
number 130005A) and Riverslea (130003A) (http://watermonitoring.derm.qld.gov.au/host.htm). W = weak, M = moderate, S = strong. 
doi:10.1371/journal.pone.0084305.g003

values) and  SD of the tim e period  com m on to all the cores (1982—
2010) an d  then  averaging the standardized records. This 
p rocedure reduces the intrinsic variability o f individual records

Table 2. Correlation coefficients (R) of monthly and annual G/ 
B anomalies with environmental and climatic records.

G/B (m onthly) G/B (annual) PRECDS

Stream water level (m) 0.54 pCO.001 0.66 pCO.001 1922-2011*

Stream discharge 
(ML/day)

0.47 pCO.001 0.64 pCO.001 1922-2011**

Rainfall (mm) 0.39 pCO.001 0.46 pCO.001 1921-2011**

SOI 0.26 pCO.001 0.35 pCO.001 1921-2011**

Niño 3.4 - 0 .2 4 pCO.001 - 0 .2 9 p = 0.008 1921-2011**

PDO - 0 .3 8 pCO.001 - 0 .5 5 pCO.001 1921-2011**

CPIPO -0 .4 1 pCO.001 1921-2004***

Bold values significant at p<0.05. Abbreviations: SOI, Southern Oscillation 
Index; PDO, Pacific Decadal Oscillation; CPIPO, combined paleo IPO-PDO; IPO, 
Interdecadal Pacific Oscillation. PRECDS, period of record for environmental and 
climatic data sets. * = incomplete monthly record for the period indicated.
** = complete monthly record for the period indicated. ' ' '  = only complete 
annual values for the period indicated. Further information on data sets is 
provided in Methods (section Environmental and climatic data). 
doi:10.1371 /journal, pone.0084305.t002

and  enables the identification o f a  com m on regional clim atic signal 
[9,19,25,52]. T h e  agreem ent betw een cores was verified by 
correlating (Pearson linear correlation) G /B  m onthly and  annual 
anom alies over five com m on periods for cores with overlapping 
records (Table S2). A nnual anom alies were calculated by 
averaging all m onthly G /B  anom alies from  August th rough  to 
Ju ly  to account for river flow and  rainfall extrem es during  the 
sum m er (O ctober-M arch) in north-eastern  Australia [20], Addi­
tionally, the quality o f crossdating was assessed by applying a 
similar approach  used for tree-ring  chronologies by the p rogram  
C O F E C H A  [53]. E ach individual standardized G /B  record  was 
correlated  w ith the average o f all o ther standardized G /B  records 
(the com posite record  m inus the record  being tested). A positive 
and  significant correlation indicates that the tested record  is 
crossdated precisely [53].

Luminescence Drivers
T o verify the influence o f the Fitzroy R iver on  lum inescence 

variability, the highest flood peaks were plo tted  against the long­
term  G /B  composite record. T o  validate the composite G /B  
record, m onthly and  annual averages o f stream  w ater level, stream  
discharge, an d  rainfall (see below - E nvironm ental an d  climatic 
data) were correlated  with m onthly an d  annual G /B  values over 
the period  o f 1921 to 2011. In  addition, agreem ent betw een each 
individual coral record  and  environm ental dataset was assessed by
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Oscillation Index (SOI) and (B) Pacific Decadal Oscillation (PDO). Solid and dashed lines are 12-month and 85-month moving averages respectively. 
Data at annual resolution is provided in supplementary information (Figure S3). 
doi:10.1371/journal.pone.0084305.g004

correlating annual averages o f stream  w ater level, stream  
discharge, and  rainfall da ta  w ith annual G /B  anomalies.

T o  explore potential clim atic drivers o f lum inescence variability, 
the Southern  Oscillation Index  (SOI), N iño 3.4, PD O , and  
C P IP O  (com bined paleo In terdecadal Pacific O scillation and  
Pacific D ecadal Oscillation) indices were com pared  w ith the long­
term  G /B  com posite record  using m onthly and  annual averages 
over the period  1921 to 2011 (see below E nvironm ental and  
clim atic data). T o  further exam ine the tem poral variability in 
lum inescence, spectral analysis (REDFIT) [54] was applied to 
annual G /B  anom alies, and  correlations betw een G /B  an d  stream  
discharge, rainfall, SO I an d  the P D O  index during  the Australian 
clim atic seasons were calculated. M onthly  values o f the G /B  
anom alies and  environm ental and  climatic variables were aver­
aged accordingly to sum m er (Decem ber to February), au tum n 
(M arch to May), w inter (June to August) and  spring (Septem ber- 
Novem ber).

Finally, to identify potential drivers explaining m ost o f the 
variability in the com posite record, a  distance-based linear m odel 
(DISTLM ), using a resem blance m atrix  o f  G /B  (based on 
Euclidean distance) and  the forw ard procedure, was applied 
[55,56]. Forw ard  selection adds one variable a t a  tim e to the

model, choosing the variable at each step w hich produces the 
greatest im provem ent in the value o f the selection criterion. W e 
used adjusted R 2 as selection criterion instead o f R 2 as we aim ed to 
include only p red ictor variables that significantly explained the 
variation  in the m odel. Predictor variables com prised river 
discharge, rainfall, the SO I and  P D O  indices. D IS T L M  outcom es 
provide a  m arginal test, fitting each variable individually (ignoring 
all o ther variables), an d  a sequential test, fitting each variable one 
at a  time, conditional on  the variables that were already included 
in the m odel [55,57]. Analyses were done using PE R M A N O V A + 
for P R IM E R  v6.

Environmental and Climatic Data
Historical flood peaks (m) were obtained from  R ockham pton, 

the nearest gauging station to the Fitzroy river m outh. This 
m anual recording station registers only w hen the Fitzroy River 
exceeds a  m inim um  height threshold (h ttp ://w w w .b o m .g o v .au / 
hy d ro /flood /q ld /b rochures/fitzroy ). R iver flow da ta  (M egaliters/ 
day) and  stream  w ater level (m) were obtained from  the Q ueensland 
D epartm ent o f E nvironm ent and  R esource M anagem ent gauging 
station on the Fitzroy R iver a t T h e  G ap (Station num ber 130005A) 
and  Riverslea (130003A) (h ttp ://w atern ion ito ring .derm .q ld .gov .
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au/host.h tm ), and rainfall (mm) from  the Australian B ureau of 
M eteorology at Pacific Heights (Station num ber 033077) (h ttp ://  
w w w .bom .gov.au/c lim ate/da ta). These river and rainfall data sets 
provided the longest records for com parative purposes. T he  SO I 
and  P D O  data  were obtained from  the Australian B ureau of 
M eteorology (h ttp ://w w w .b o m .g o v .au /c lim a te /d a ta ), and  from  
the Jo in t Institute for the Study of the A tm osphere and  O cean 
(h ttp ://jisao .w ash in g to n .ed u /p d o /P D O .la tes t), respectively. T he 
com bined paleo Interdecadal Pacific Oscillation (IPO) and  PD O  
index (CPIPO) was obtained from  H enley et al. [58], T he  N iño 3.4 
data was obtained from  the C lim ate and  G lobal Dynam ics Division 
(CGD) of the N ational C enter for A tm ospheric R esearch (h ttp ://  
w w w .cgd .ucar.edu /c a s /c a ta lo g / clim ind/T N I_N 34/index.h tm l7)i: 
Sec5). W e will now  refer to the P D O  and  IP O  collectively as the 
PD O -IP O , since they  are considered the same broad-scale 
climatic phenom enon  [28,58—60], unless the distinction is 
necessary.

Results

T he six cores analysed here showed excellent reproducibility in 
term s o f luminescence (G /B  ratios). T he  six G /B  tim e series 
showed similar variations over the tim e period  com m on to all the 
cores 1982—2010 (Figure 2A). A  strong agreem ent in G /B  profiles
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Table 4. Results of the marginal test performed by DISTLM- 
forward analysis.

Variable SS(trace) Pseudo-F P PROP

Stream discharge 26.072 67.357 0.001 0.44

PDO 17.771 36.834 0.001 0.30

SOI 7.2578 12.03 0.003 0.12

Rainfall 12.241 22.417 0.001 0.20

Significant proportions of explained variation (PROP) are given in bold. 
doi:10.1371/journal.pone.0084305.t004

was also evident, even for the longest coral records (core G K 2 and 
SQ_1; Figure 2A). Significant correlations o f bo th  m onthly and 
annual G /B  anom alies for cores w ith overlapping records showed 
the high consistency betw een cores (Table S3; T able S5—S9). O nly 
one non-significant correlation o f annual G /B  anom alies was 
observed betw een cores SQ 2 and  M I2 (1973-2010) (Table S6). 
T he  correlation was significant, however, w hen considering 
m onthly data  (Table S6). S trong significant correlations were 
observed betw een (1) the G /B  composite record  and  each G /B  
record  for the tim e period  com m on to all the cores (Table 1) and 
(2) the rest o f the tim e periods w ith overlapping records (Table S6— 
S 7), confirm ing th a t the cores were crossdated correctly and 
therefore, the com m on environm ental signal (runoff) was opti­
m ized.

T he  long-term  composite record  displayed a seasonal cycle in 
m onthly G /B  values th a t was strongly influenced by the Fitzroy 
R iver discharge (Figure 2G). T he  highest G /B  lum inescence peaks 
corresponded to significant flood events registered a t R ock­
ham pton  gauge. M oreover, the ranking o f the 20 highest G /B  
anom aly peaks were very similar (though no t identical in order) to 
the ranking o f the 20 highest rates o f stream  discharge recorded 
during the w et season from  1921 to 2011 (Figure 3). This 
relationship was confirm ed by the significant correlations observed 
betw een the G /B  composite record  (m onthly and  annual G /B  
anomalies) and  all instrum ental records available (water level, 
stream  discharge, and  rainfall; T ab le  2). T he  strongest relation­
ships observed were betw een the annual values o f G /B  and  the 
stream  flow indicators (stream w ater level, R  = 0.66, p < 0 .0 0 1 ; 
stream  discharge, R  = 0.64, p < 0.001 ; T ab le  2; Figure S2). 
Individual G /B  chronologies (GK2, SQ_1, SQ 2, M II , M I2 and 
GK3) also showed significant correlations w ith the environm ental 
data over the six different periods covered by cores (Table S4).

T he  long-term  composite record  exhibited strong interactions 
w ith sources o f in ter-annual and  decadal climate variability 
(Figures 4 and  S3). W hile m onthly  G /B  and  SO I anomalies 
tended  to co-vary (Figure 4A), positive and  negative m onthly G /B  
anom alies corresponded rem arkably well to negative and positive

Table 3. Correlation coefficients (R) of seasonal G/B anomalies with environmental and climatic records.

G/B Summer G/B Autum n G/B W inter G/B Spring

Stream discharge (ML/day) 0.69 pco.ooi 0.58 pco.ooi 0.44 pco.ooi 0.29 p = 0.007

Rainfall (mm) 0.56 pco.ooi 0.30 p = 0.004 0.13 p = 0.23 0.20 p = 0.06

SOI 0.31 p = 0.003 0.20 p = 0.06 0.39 pco.ooi 0.38 pco.ooi

PDO - 0 .5 5 pco.ooi - 0 .4 3 pco.ooi - 0 .3 9 pco.ooi - 0 .5 5 pco.ooi

Bold values significant at p<0.05. Correlation for period 1921-2011. Abbreviations: SOI, Southern Oscillation Index; PDO, Pacific Decadal Oscillation. Information on data 
sets is provided in Methods (section Environmental and climatic data). 
doi:10.1371/journal.pone.0084305.t003
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Table 5. Results of the sequential test performed by DISTLM-forward analysis.

Variable
Adjusted
R2 SS(trace) Pseudo-F P PROP CUMUL

Stream
discharge

0.4299 26.072 67.357 0.001 0.44 0.44

PDO 0.5283 6.1315 19.145 0.001 0.10 0.54

SOI 0.5235 4.78E-02 0.14762 0.689 7.99E-04 0.54

Rainfall 0.5180 8.62 E-03 2.63 E-02 0.882 1.44E-04 0.54

Significant proportions of explained variation (PROP) are given in bold. CUMUL = cumulative proportion of explained variation. 
doi:10.1371 /journal.pone.0084305.t005

P D O  phases, respectively (Figure 4B). Indeed, 80% o f the 20 
highest G /B  anom alies occurred during  L a N iña  events (positive 
values o f SOI) and  negative P D O  phases (Figure 3). Similarly, 
w ithin the 20 highest records o f stream  discharge, 75% m atched 
La N iña events while 60% corresponded to negative phases o f the 
P D O  (Figure 3). C orrelations betw een m onthly and  annual G /B  
with E N SO  (SOI an d  N iño 3.4) and  P D O -IP O  indices (PD O and  
C PIPO ) showed significant relationships (Table 2). T h e  strongest 
o f  these relationships were observed betw een G /B  annual 
anom alies and  the P D O  index ( R = —0.55, p < 0 .0 0 1 ; T able  2) 
and  w ith the SO I index (R = 0.35, p < 0 .0 0 1 ; T ab le  2). Spectral 
analysis indicated cycles o f 23 an d  2 .8 -6 .6  years dom inated  
lum inescence variability in the reconstructed record  (Figure 5).

C orrelations betw een G /B  anom alies and  environm ental and  
clim atic da ta  (stream discharge, rainfall, SO I and  PD O ), using 
seasonal averages, revealed th a t the strength o f relationships varied 
betw een seasons yet rem ained  significant for m ost variables 
(Table 3). D uring  sum m er (wet season), G /B  anom alies showed 
the m ost robust correlations w ith all variables (Table 3).

D IS T L M  analysis indicated that individually, all predictor 
variables (see m arginal test, T able  4) explained a significant 
am ount o f the variation  in the composite record, in agreem ent 
with the results obtained by correlations. Yet, the variability o f  the 
composite record  was m ainly explained by stream  discharge and  
the PD O , w hich together accounted  for 54% o f the total variation 
(see sequential test, Table 5). W hile the P D O  added  10% to the 
explained variation w hen stream  discharge was fitted (44%), the 
contribution  of rainfall and  E N S O  (SOI index) was negligible and  
non-significant (Table 5).

Discussion

H ere  we provide a 90-year record  o f coral lum inescence (G/B) 
based on  multiple cores from  the K eppel reefs, w hich included the 
2011 flood event, one of the m ost significant floods recorded in  the 
history o f the southern G B R  (Figure 3). S trong correlations 
betw een individual G /B  records, as well as betw een the composite 
record, an d  each G /B  series dem onstrate the presence of a 
regional signal. C onsequently, our lum inescence com posite record  
was consistent with historical flood peaks and  showed significant 
correlations w ith rainfall, stream  w ater level and  discharge data. 
Further, D IS T L M  analysis revealed that the m ost im portant 
driver o f lum inescence was stream  discharge as this predictor 
explained m ost o f the variability in the record  (44%). These 
linkages betw een lum inescence and  environm ental variables 
confirm ed that the Fitzroy R iver catchm ent largely influences 
the K eppel reefs, and  therefore corals from  these reefs are suitable 
for reconstructing regional river discharge a n d /o r  precipitation 
variability on  m onthly to decadal tim e scales. Sim ilar to earlier 
studies from  inshore reefs [16,17,34], we found th a t coral

lum inescence cap tured  the variability o f hydrological regimes in 
the southern  GBR.

Spectral analysis confirm ed that our composite record  has cycles 
consistent w ith the typical periodicities for the P D O -IP O  (15-25 
years) [61], and  E N S O  (3-6  years) [62], yet lum inescence da ta  also 
indicated that river runoff in the K eppel reefs is differentially 
influenced by  these clim atic forces. Clearly, G /B  variability 
followed the asym m etric teleconnection of E N SO  with A ustralian 
clim ate [5,6,29], w hereby positive G /B  anom alies were com m only 
am plified during  s tro n g /m oderate  L a N iña phases o f E N SO , and  
negative G /B  anom alies were occasionally enhanced  during 
extrem e El N iño events (Figure 4A). O u r results, along with 
previous evidence on the non-stationary relationship betw een 
lum inescence (runoff/rainfall) and  E N S O  [19,20], confirm  the 
w idespread influence o f this clim atic oscillation on  inshore reefs o f 
the GBR. How ever, the lum inescence record  (G /B) consistently 
showed stronger correlations with the P D O  th an  the SO I 
irrespective o f w hether m onthly, seasonal o r annual averages 
were exam ined. Further, D IS T L M  analysis indicated that the 
P D O  explained a  significant p roportion  (10%) of variation in 
lum inescence, and  is the only clim atic variable contributing 
significantly to the variation explained by  stream  discharge. These 
results do no t detract from  the E N S O -lum inescence/runoff 
relationship bu t highlight the significant role o f the P D O  in 
m odulating  river runoff in the K eppel reefs. A recent study 
docum ented  th a t E N SO  is not the p rim ary  source o f inter-annual 
clim ate variability on  the G B R  and  recognized th a t o ther sources 
such as the P D O  need to be fu rther investigated [33].

T h e  m ost significant finding o f our study is the relationship 
betw een coral lum inescence and  the P D O , w hich was consistently 
verified by bo th  simple correlations over a  range o f tim e scales and  
the m ultivariate m odel. Lough [19] previously used w arm  an d  cool 
P D O  phases as reference periods to verify links betw een 
reconstructed  rainfall and  river flow series based on coral 
lum inescence and  E N SO . O u r study, however, is the first to 
directly establish the link betw een coral lum inescence an d  the 
P D O  for the southern G B R  region. Further, we identified that the 
lum inescence com posite record  closely m irro red  the P D O  index 
over the last century  (Figures 4B and  S3B). Prevalent negative G /  
B anom alies (reduced runoff) coincided w ith positive P D O  phases, 
while periods o f p redom inan t positive G /B  anom alies (increased 
runoff) coincided with negative P D O  phases. In  addition, the 
m agnitude of G /B  anom alies w ithin these periods varied 
consistently w ith the m agnitude o f the P D O  (Figures 4B and  
S3B). Therefore, our study reveals the extent o f the P D O  influence 
on  the southern GBR, whilst also supporting earlier studies 
showing how the hydroclim atology of eastern A ustralia is 
profoundly influenced by the P D O -IP O  [3-6,63,64],
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Since G /B  is an  indicator o f hum ic acid runoff [24,25], its 
variability can also support historical analysis o f hum an-induced 
erosion im pacting the GBR. D ecadal frequency o f extrem e 
lum inescence anom alies showed th a t m ajor runoff events in ­
creased after 1950 and  were particularly  confined to the 50 's 
(Figure S4), suggesting a h igher influence o f continental runoff 
(increased sedim ent loads) on  the K eppel reefs. W hile instrum ental 
da ta  and  river flow reconstructions along the G B R  region show a 
similar variability, w ith increased flow conditions in  the 1950s and  
1970s [20], pointing  to a  large-scale clim atic driver, the 
intensification of anthropogenic activities in the Fitzroy catchm ent 
by the m id-20th century [65] m ay also explain extrem e 
lum inescence anomalies. Flistoric records o f h um an  activities in 
the Fitzroy R iver catchm ent indicate th a t m ajor shifts were related 
to intensive clearing o f the native forests (Acacia harpophylld) from 
the 1960s to 1980s [66], increase in b eef cattle num bers from  1955 
[67], and  expansion in coal m ining since the 1970s [68]. Indeed, 
total suspended solids load from  the Fitzroy R iver to the G B R  is 
estim ated to have increased 3.1 x ( l 100-3400 ktonnes/yr) since 
E uropean  settlem ent [42]. W hile the length o f our record  (1921—
2011) precludes the in terpreta tion  o f lum inescence changes related 
to E uropean  colonisation (after abou t 1870), the occurrence o f the 
highest G /B  peaks during  the period  o f increased catchm ent 
m odification suggests th a t the strong clim atic signal on the 
lum inescence record  m ay have been  enhanced  by land-use 
changes. Increases in baseline values o f runoff proxies from  corals 
(B a/C a , Y /C a) have been linked to hum an  settlem ent periods and  
subsequent m odification of river catchm ents by  the m id  to late 
19th century  in the central G B R  [69-71]. Lum inescence records 
and  trace elem ent analysis from  coral cores p redating  E uropean 
settlem ent are certainly requ ired  to unequivocally decouple the 
potential h um an  com ponent from  the clim atic signal.

Implications o f Coral Luminescence-PDO Relationship
T h e  clear link betw een coral lum inescence and  the P D O -IP O  

docum ented here m ay assist studies in the historical variability o f 
the P D O -IP O , w hich are critical to im proving and  understanding 
the predictability  o f clim ate change im pacts in the Pacific region 
[58,59,72,73]. T hus far, only eight paleo P D O -IP O  tim e series o f 
centennial scale exist [58, an d  references therein], an d  few studies 
have developed a  reconstruction o f the P D O  using corals [58,74], 
Fingerprints o f  the P D O -IP O  in corals from  the South Pacific 
Convergence Zone [74-77] and  the N orth  Pacific region [78] 
have previously been  derived from  tem pera tu re/sa lin ity  proxies 
(S180 ,  S r /C a , U /C a ) . For the GBR, Calvo e t al. [79] found 
agreem ent betw een S r /C a  an d  S180  records an d  the IP O  index, 
Pelejero e t al. [80] reported  covariation of 8 n B record  (proxy for 
paleo-pFl) an d  the P D O -IP O , an d  Lough [20] found th a t during  
the 1947-1976 P D O  negative phase, the instrum ental and  
reconstructed  river flow an d  rainfall records were significantly 
correlated  with E N S O  indices. Thus, o u r study reveals a  novel 
signature o f the P D O  in a non-tem peratu re  based coral proxy for 
the w estern South Pacific. W hile m odern  massive corals under the 
influence o f rivers m ay contain invaluable century-length records 
o f  the P D O -IP O , fossil corals from  the late Q u a ternary  preserving 
lum inescence lines [81] m ay also be  useful for P D O -IP O  
reconstructions a t m illennial timescales.

T h e  significant relationship betw een coral lum inescence and  the 
P D O -IP O  provided insights into past d isturbance regimes a t the 
K eppel reefs. R ecen t studies docum ented extensive coral m orta l­
ities o f 85%  in 1991, a round  40%  in 2008 an d  2010, and  up to 
100% in 2011 after severe floods from  the Fitzroy R iver [47 ,82- 
85]. Because these floods im prin ted  m arked G /B  peaks on  the 
cores (Figure 2), they provide a  basis to infer flood-induced

disturbances in earlier decades p rio r to coral reef m onitoring and  
instrum ental records. Similarly, lum inescence and  runoff proxies 
have been used in retrospective analysis o f historical disturbances 
and  coral reef com m unity changes on the G B R  [86] Thus, based 
on  the m agnitude o f G /B  anom alies, we suggest th a t K eppel reefs 
likely faced coral m ortality  o f varying extents in the w et seasons of 
1951, 1954-1956, 1974 and  1983. In  those years along with 1991, 
2008, 2010 and  2011 (years o f docum ented  flood-induced 
m ortality), the highest m onthly discharge records o f the Fitzroy 
R iver were also registered (Figure 3). Im portantly , m ost o f these 
events coincided w ith m oderate-strong L a N iña events during  the 
negative phase o f the P D O  (Figure 3). Flence, we propose th a t La 
N ifia -P D O /IP O  cycles have played a  significant role in the reef 
dynam ics o f the southern GBR.

Conclusions

T h e  lum inescence record  presented  here displayed the tem poral 
variability o f river runoff on K eppel reefs and  how such variability 
is influenced by the strength o f L a N iña and  significantly 
m odulated  by  the negative phase o f P D O -IP O . Because recent 
evidence indicates th a t the effects o f  clim atic p h enom ena (i.e. 
E N SO  events) m ay vary spatially in the G B R  [33], the strong 
relationship betw een P D O  and  coral lum inescence docum ented 
here suggests th a t the southern  G B R  is particularly  sensitive to the 
P D O  influence. T his implies th a t corals and  o ther palaeoclim ate 
archives from  the K eppel Islands have great potential for studying 
the historical link betw een the P D O  and  clim ate variability for the 
southern GBR.

This study dem onstrates th a t the P D O  is a  p rim ary  climatic 
driver o f  river runoff affecting the southern region o f the G B R  and  
supports growing indications th a t the P D O -IP O  directly and  
indirectly influences biological com m unities, m arine ecosystems 
and  clim ate-related extrem e events such as cyclones an d  floods/ 
d rought [31,58,87-97]. G iven th a t em erging evidence points to a 
transition tow ards a  negative P D O -IP O  phase, w hich could 
increase rainfall an d  risk to flooding during  La N iña events in 
A ustralia [32,59,74], we em phasize the critical role o f the PD O - 
IP O  and  La N iña events in m ediating  d isturbance an d  ecological 
processes for the G B R  region in the context o f rap id  clim ate 
change.

Supporting Information

Figure SI (A) A n exam ple (core M II) o f the digital image 
obtained by the Spectral Lum inescence Scanning (SLS) technique. 
T h e  orange lines indicate transects used to ex tract the down-core 
lum inescence data. (B) M onthly  G /B  time-series obtained from 
core M II.
(TIF)

Figure S2 R e la t io n s h ip  b e tw e e n  a n n u a l G /B  a n o m a lie s  
a n d  s tr e a m  d is c h a r g e  r a te s  a n o m a lie s  fo r  th e  p e r io d  
1 9 2 1 -2 0 1 1 . Stream  discharge data  from  Q ueensland D epart­
m en t o f E nvironm ent and  R esource M anagem ent gauging stations 
on  the Fitzroy R iver a t T h e  G ap (Station num ber 130005A) and  
R iverslea (130003A) (h ttp ://w ate rm o n ito rin g .d erm .q ld .g o v .au / 
host.htm ).
(TIF)

Figure S3 R e la t io n s h ip  b e tw e e n  a n n u a l G /B  a n o m a lie s  
a n d  c lim a t ic  o s c i l la t io n s  fo r  th e  p e r io d  1 9 2 1 -2 0 1 1 . (A)
Southern  O scillation Index  (SOI) an d  (B) Pacific D ecadal 
O scillation (PDO). Solid and  dashed lines are 6-year m oving 
averages.
(TIF)
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Figure S4 N u m b e r  o f  e x tr e m e  G /B  a n o m a lie s  ( > 1 .5  
u n its )  p e r  d e c a d e  fo r  th e  p e r io d  1 9 2 1 -2 0 1 1 .
(TIF)

T ab le  SI L o c a tio n  a n d  d e ta i ls  o f  c o r a ls  u s e d  in  
lu m in e s c e n c e  r e c o n s tr u c t io n s  fr o m  K e p p e l i s la n d s  o n  
th e  G re a t  B a r r ie r  R e e f .
(PDF)

T ab le  S2 C o m m o n  p e r io d s  a n d  th e  c o r e s  a s s o c ia te d .
(PDF)

T ab le  S3 S u m m a r y  o f  c o r r e la t io n  r e s u lt s  fo r  m o n th ly  
a n d  a n n u a l G /B  a n o m a lie s  a m o n g  c o r e s  a t  d if fe r e n t  
o v e r la p p in g  p e r io d s .
(PDF)

T ab le  S4 C o r r e la t io n  c o e f f ic ie n ts  (R) b e tw e e n  a n n u a l  
G /B  a n o m a lie s  a n d  e n v ir o n m e n ta l r e c o r d s ,  SO I a n d  
P D O  fo r  e a c h  in d iv id u a l c o r a l c o r e .
(PDF)

T ab le  S5 C o r r e la t io n  c o e f f ic ie n ts  (R) o f  m o n th ly  (up­
p er) a n d  a n n u a l (low er) G /B  a n o m a lie s  b e tw e e n  c o r e s  
sh a r in g  r e c o r d s  fr o m  1982 to  20 1 0 .
(PDF)

T ab le  S6 C o r r e la t io n  c o e f f ic ie n ts  (R) o f  m o n th ly  (up­
p er) a n d  a n n u a l (low er) G /B  a n o m a lie s  b e tw e e n  c o r e s  
sh a r in g  r e c o r d s  fr o m  1973 to  2 0 1 0 . Last colum n includes 
correlation coefficients betw een the composite record  and  each 
core for the same period.
(PDF)

T ab le  S7 C o r r e la t io n  c o e f f ic ie n ts  (R) o f  m o n th ly  (up­
p er) a n d  a n n u a l (low er) G /B  a n o m a lie s  b e tw e e n  c o r e s  
sh a r in g  r e c o r d s  fr o m  1956  to  2 0 1 0 . Last colum n includes
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