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Pollution, shing, and outbreaks of predators can heavilympact coastal coral reef
ecosystems, leading to decreased water quality and benthiccommunity shifts. To

determine the main environmental drivers of coral reef stas in the Spermonde

Archipelago, Indonesia, we monitored environmental vatides and coral reef benthic
community structure along an on-to-offshore gradient annally from 2012 to 2014.

Findings revealed that concentrations of phosphate, chlaphyll a-like uorescence,

suspended particulate matter, and light attenuation sigrnéantly decreased from

on-to-offshore, while concentrations of dissolved @ and values of water pH signi cantly
increased on-to-offshore. Nitrogen stable isotope signatres of sediment and an
exemplary common brown alga were signi cantly enriched negshore, identifying
wastewater input from the city of Makassar as primary N sour. In contrast to the high

temporal variability in water quality, coral reef benthicanmunity cover did not show

strong temporal, but rather, spatial patterns. Turf algae @as the dominant group next
to live coral, and was negatively correlated to live coral,rastose coralline algae (CCA),
rubble and hard substrate. Variation in benthic cover alonthe gradient was explained
by water quality variables linked to trophic status and phyiso-chemical variables. As an
integrated measure of reef status and structural complexit the benthic index, based
on the ratio of relative cover of live coral and CCA to other ¢al reef organisms, and
reef rugosity were determined. The benthic index was consiently low nearshore and
increased offshore, with high variability in the midshelfites across years. Reef rugosity
was also lowest nearshore and increased further offshore.@&h indices dropped in 2013,

increasing again in 2014, indicating a period of acute distlbance and recovery within
the study and suggesting that the mid-shelf reefs are more glient to disturbance than
nearshore reefs. We thus recommend using these two indices ith a selected number
of environmental variables as an integral part of future réenonitoring.

Keywords: eutrophication, water quality, turf algae, resi lience, benthic index, rugosity, Indonesia
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Teichberg et al. Indicators of Coral Reef Health

INTRODUCTION Monitoring of coral reefs has led to measurement of a
number of di erent environmental, biological, and chemical
Coastal coral reef systems close to populated urban areggriables which can vary spatially on the local, regional, and
are often highly impacted by increased nutrient inputs,global scale, and temporally over seasons, years, and decades
sedimentation rates, and shing pressure resulting fromdan (Fabricius, 2006 Because of this high variation, it is often
based activities Hurke et al., 2001 Terrestrial euents djcult to identify trends and drivers of coral reef status
can increase near-shore nutrient levels, promoting primangr health and to communicate to managers and politicians
production (Jessen et al., 20}@and deforestation can increase the needs for action Jameson et al., 20p1There is also
sedimentation rates, leading to increased suspended piatiCu often a discrepancy among response times of water quality
matter (SPM) in the water-column and accelerating lightand benthic variables, which makes monitoring, analysid an
attenuation (abricius, 2005; Cooper et al., 2007; Smitlinterpretation of the data more di cult Cooper et al., 2009
et al., 2008 The eects of terrestrial-derived inputs in Additionally, long-term monitoring programs are costly and
coastal waters across coral reefs have led to noticealiork intensive. Identifying a few integrated multimetriodices
spatial gradients in water quality in many parts of theasindicators of change in coral reef status at the regiareésand
world (Edinger et al., 1998; Mallela et al., 2004; Fabriciugsing developed frameworks would allow for simpli cation of
et al., 2005; Lirman and Fong, 2007hey generally lead to monitoring e orts and provide an opportunity for more e ective
reduced scleractinian coral tness and greater competiion  coral reef managementigmeson et al., 2001; Flower et al.,
benthic space between corals and other organisfai(cius, 2017.
2009. A number of useful benthic indicators exist and have been
Coral reefs closer to shore are generally characterized Iysted and used in many monitoring programsiif and
lower hard coral vs. higher eshy algae abundances, andilkinson, 2003. Among them, a benthic index calculated
by a decrease in coral and sh species diversity or eveas the ratio of the sum of benthic cover of important reef
complete shifts in the sets of speciésalfricius et al., 2005 calci ers necessary for reef accretion (i.e., “promotorss’
Initial work on benthic community changes in coral reefs,live scleractinian corals and CCA) to the sum of benthic
in particular from the Caribbean, suggested the existence a@froups often associated with altered coral reef ecosysteeas (i
discrete alternative states dominated either by stony Isora“detractors,” or turf algae, macroalgae, sponges, cyanetiac
or macroalgae (e.gtughes, 1994 however, this view has and other invertebrates) has been used by the AGRRA coral
been challenged based on the observation that many reefs deef monitoring program Kramer, 2003 http://www.agrra.org/
not display strict dichotomous benthic communitie®r(ino  coral-reef-monitoring/benthos-indicator/), and is a nhetd that
et al.,, 200p Rather, a more nuanced view that understandsntegrates relative benthic cover data. This index alloass f
benthic community con guration as changing gradually alongmeasuring relative changes in status of coral reef benthic
a continuum, notwithstanding the existence of thresholdsl a communities over time or di erences within space and provides
tipping points, is gaining prominence, necessitating a more health score of the reef. Another index which often has been
holistic approach that considers benthic parameters beyondsed to measure complexity of reef structure is reef rugosity.
stony corals and macroalgae alon®({ ray et al., 2014; Smith The diversity and ecosystem functioning of coral reefs isalip
etal., 201p associated to structural complexity because higher contglexi
Spatial gradients of water quality do not a ect reefs in aprovides more niches to sustain the biotic community. Rugosit
discrete fashion, but rather expose reef organisms to gitbduais often used to provide an indication of the benthic substrat
changing abiotic conditions. The decrease of water quality m quality for reef shes Qlvarez-Filip et al., 2005 but it can
increase stress, thereby acting as a lter on benthic conitires)  also nicely show changes in reef community composition over
where only organisms with the physiological capacity to adapime, natural accretion processes, as well as structural damia
would be left within the community, resulting in a taxonomic disturbance Qlvarez-Filip et al., 2009
change §mith et al., 1981; Edinger et al., 1998; Fabricius, 2005 Some areas of the Southeast Asian region are densely
This in turn could negatively impact the sh species that relypopulated and this has resulted in low coastal water quality
on live coral cover Alvarez-Filip et al., 20)1 while other (Burke et al., 2012 The Spermonde Archipelago of Southwest
species could bene t from the new habitat compositiadh(nan  Sulawesi, Indonesia lies o the coast from the city of Makass
et al., 199). However, the relationship between water qualityhighly urbanized area with a population of 1.7 million people.
and benthic composition can be even more complex due t& uents originating from the city have been shown to a ect
seasonal and inter-annual variation in weather conditithat  the archipelago to varying degrees. Nearshore islands (up to
alters the composition of land-based e uents and their raauk 7 km o shore) are exposed to regular sediments, aquaculture
water quality gradientsAlvarez-Filip et al., 2011; Baum et al., out ow and wastewater from uvial discharge of the nearby
2019. Mitigating the impacts that a ect coral reefs can only berivers, while midshelf reefs (7—27 km o shore) are impacted b
accomplished once the source of the impact has been identi e& uents during the onset of the rainy season during the north
Thus, discerning the e ects on coral reefs from land-derivedvestern monsoon Noll, 1983; Renema and Troelstra, 2001;
water quality changes, locally-based marine resourceouf®m  Lukman et al., 2014; Nasir et al., 2015, 20Finally, o shore
outbreaks of coral predators, may help in the management aglands ¢ 27 km) are rarely exposed to high levels of terrestrial
these perturbations. e uents from the mainland. Benthic communities, spongesgan
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corals have shown strong on-to-o shore patterns in diveysit the city of Makassar were choseridure 1). The islands, with
(Edinger et al., 2000a; Cleary et al., 2005; Becking et 86, 20distance in brackets, comprised of Laelae (LL08%, 1123E,
de Voogd et al., 2006 Local island human populations rely 1km), Samalona (SA; 087S, 1120E, 7 km), Barrang Lompo
heavily on nearby coral reef§drse et al., 20)4Additionally, (BL; 0502S, 11919E, 11km), Bonetambung (BO; @S,
islands with small population sizes, ranging from a few tol19 16E, 14 km), Badi (BA; 0867S, 11916E, 19 km), Lumulumu
1000s of inhabitants, generally have minimal waste managem (LU; 04 58S, 11912E, 22km), Karang Kassi (KS; 63S,
facilities resulting in vast dumping of waste materials intol19 09E, 27 km) and Kapoposang (KP; @84S, 11&7E, 55km
surrounding waters $ur et al., 2013 This has impacted local distance) Figure 1).
water nutrient concentrations and bacterial communitiesang All islands are located on the continental shelf and, apart
inhabited islandsKegler et al., 2007 from KS and KP, experience similar oceanographic conditions
Although previous studies have identi ed spatial variation i with respect to wave exposure and currents. Bathymetric data
benthic communities in relation to water qualitC(eary et al., show uniform shallow carbonate platforms around the islands
2005, 2008; Polonia et al., 20,150 study has explored the (Kench and Mann, 2007 KS is a submerged reef plateau and
temporal component in this relationship and if speci ¢ water KP is located on the edge of the continental shelf, exposing
quality drivers are consistent across time. Moreover, wiilteer it to deep oceanic waters, and stronger waves and currents.
non-water quality based impacts, such as outbreaks of cordahe northwest corner of each site (except KP) was used to
predators, resource extraction and localized waste produocti standardize the sampling sites among reefs. The western coast
may also contribute to habitat degradatiofzdinger et al., of the islands generally features a well-developed, carbonate
2000a,l previous studies have frequently overlooked theifore-reef and a sandy back-reef and at. The reef crest is
potential impact on benthic patterns. shallow ( 4-5m) and the slope reaches down to 15m. The
In the current study, we use the Spermonde Archipelagtast study site, KP, was located on the top of the outer
to explore variations in coral reef benthic habitats in redat continental shelf wall Kigure 1). Although KP diers from
to environmental stressors. We aimed to identify primarythe other seven sites in habitat structure and wave exposure,
environmental drivers that spatially structure coral reehthic it shares many biotic aspects with the other sitéden and
communities across the reef shelf of the Spermonde ArchipelagErdmann, 201 and given its distance from the mainland, it
This spatial relationship is explored annually across 3 yeargceives no land-based e uents and minimal shing pressure.
(2012-2014). We investigated the following questionsi\(fiich ~ Thus, the benthic and sh communities there represent a
water quality and environmental variables drive benthicato relatively healthy state of reef habitat allowing for congiive
reef community structure across the Spermonde Archipelag@nalyses.
(2) is there temporal variability in these relationships, (3) At each site, three 50 m permanent transects were installed
which indices can be used to detect spatial and temporalhere all subsequent water and benthic data were collected.
change in coral reef status and health for future monitoring Therefore transects were surveyed along identical reefsaie
and (4) can these indices help identify the contribution ofeach reef overtime. Transects were placed at 6—7 m depth,salway
localized disturbances? To answer these questions, wgneesi standardized at 2m below the reef crest at low tide. Traissect
an annual survey on water quality, benthic reef cover, artd s were separated by 10m, and the beginning and end of each
communities along an on-to-o shore gradient in Spermondetransect was marked with steel rebar to provide attachment
Archipelago. In this rst paper we examine spatio-temporalpoints for the transect tapes. All work, including water samgli
relationships within and among environmental variables andand benthic cover surveys, was carried out during 1 day at
benthic reef groups. In the second papePlgss-Johnson each site. Work was started at a standardized time each day
et al.,, 2013 we examine changes in sh communities in (08:00 h); weather was always sunny and dry with minimal wave
relation to water quality and benthic cover. Through theseenergy.
analyses, we aimed to develop a better understanding of
the processes driving coral reef community structure andEnvironmental Variables
recommendations for a feasible monitoring plan for futureWater quality variables including nutrient concentratioras
assessment of coral reef status and health of the Spermondierate C nitrite (NOy), phosphorus (P@ ), and silicate (Si),

Archipelago. in situ Chlorophylla-like uorescence (Ché), dissolved organic
carbon (DOC), suspended particulate matter (SPM), dissolved

MATERIALS AND METHODS oxygen (DO), temperature, pH, salinity, and light attenuatio
(Kq) were collected during the sampling campaigns (see section

Study Sites Study Sites). Due to logistic limitations with sampling, som

This study was conducted across three consecutive yeairsgdur variables were not measured in certain years, including 2O€
the same annual dry season of the Spermonde Archipelag6PM in 2013 and Kin 2014. Additionally, some water samples
Indonesia. The rst sampling campaign occurred between thdor nutrient analysis were missing from speci c sites in year
20th of September and the 11th of October, 2012. The secor2D13. At each site seawater sampieB (6) were collected along
sampling was between the September 22nd October 1st, 2013¢ permanent transects at 2-5m water depth using a Niskin
and the third sampling was between the 16th and 29th obottle. The water was transferred into six acid-cleanedsters,
November, 2014. Eight islands with increasing distancenfro and from each canister subsamples for inorganic nutrient and

Frontiers in Marine Science | www.frontiersin.org 3 February 2018 | Volume 5 | Article 33


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Teichberg et al. Indicators of Coral Reef Health

1197007 s 119730 1197307

tl(apoposang (KP) =

1 L

4750

. Karang Kassifks)
f

\ oy

e Lumuluri LUy @ Badi (BA)
50’

Bonetambung (BO) & (& Barrang Lompo (BL)
[ - —H- ]

Samalona (SA) »
TS '

. Laelae (LL)
L)

FIGURE 1 | Map of the Spermonde Archipelago, Indonesia indicating theampling sites.

DOC were collected immediately. For DOC, 50 ml subsamples Temperature, pH, salinity, anith situ Chl a-like uorescence

were collected, Itered through pre-combusted (4805 h) GF/F  were obtained from a Eureka Manta logger (GEO Scienti c)td.

Iters (VWR: 25 mm, 0.7mim pore size) into acid-washed 30 ml recording at 2 min intervals at each sampling site. @Hlke

HDPE sample bottles and acidi ed with 8@ of 18.5% HCI. In  uorescence was measured with an optical sensor with a light

addition, 50 ml samples for the determination of NOSi and emitting diode with an excitation wavelength of 460 nm and

PO}1 were also Itered through pre-combusted GF/F lters into emission wavelength of 685 nm (resolution of OredL ! and

50 ml Falcon-tubes and directly pre-served with HgCl. Back iraccuracy of 3%). To match sample sizes obtained from the

the lab all samples were stored refrigerated in the dark untinanta logger with physical water samples, data were averaged

analysis, and the remaining water (3L) of each canister wasvery 10 min between the hours of 10:00 and 11:00, creating a

Itered through pre-combusted GF/F Iters for SPM analysidl A sample size of six per siteqKthe light attenuation coe cient,

Iters were dried in the oven (48 h at 4C) and stored inthe dark was calculated from underwater light pro les taken with a

until analysis. light meter (planar sensor, LiCor Li-192SA, Lincoln, USA),
All samples were brought back to the Leibniz Centrewhere:

for Tropical Marine Research (ZMT), Bremen, Germany for

analysis. DOC samples were analyzed by high-temperature Kg D IN[Ed(;2)=Ed(1)] (21 z2) !

catalytic oxidation on a Shimadzu TOC-VCPH total organic

carbon analyzer. The instrument was calibrated with serigkd(,) and Edg;) are measurements at 0.05m (z1) and 4m

dilutions from a potassium hydrogen phthalate certied (z2) below the surfaceK(rk, 2017). To complement these

stock solution (1,000 ppm Standard Fluka 76067-500ML-Fmeasurements, data on mean annual temperatures and total

Consensus reference material was provided by DA Hansell anginfall were acquired from NOAA Coastwatch program,

W Chan of the University of Miami (batch 13, lot no. 08- (https://coastwatch.pfeg.noaa.gov/infog/MP_sstd_lag)ht

13, 41-45 mmol CZ. Each sample was measured with ve

replicate injections, and analytical precision was witki@% of ~Benthic Community Assessment

the certi ed value. Inorganic nutrient analyses were perfedn Benthic communities were quantied with 50 photographic

on a ow through auto-analyzer (FlowSys Alliance Instrum&nt quadrats per 50 m transect. Photographs were taken at 1m

using standardized photometric techniquégdLphy and Riley, (standardized with a measuring pole) above the substratum.

1962; Strickland and Parsons, 1972 Every 2m along the transect, a photograph was taken on both
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sides of the transect tape, with a section of the tape withigroups and substrate type were performed, based on Pearson r
the picture, to identify total area of the picture. Analysis of(STATISTICA 12).

the pictures was conducted with Coral Point Count with Excel To better visualize and integrate the dierent patterns
extensions (CPCEohler and Gill, 2005 Pictures were analyzed in environmental variables and benthic cover over space
with fty randomized points (based on results from power and time, we ran separate Principal Component Analyses
analysis) per photograph for the following biotic groups: spange (PCA) on selected environmental variables and benthic cove
crustose coralline algae (CCA), other invertebrates (idiclg (PRIMER 7, version 7.0.10). To determine whether any of the
bivalves, crustaceans, feather stars, gorgonians, fdgjiar sh, environmental variables could be driving factors of change i
tubeworms, urchins, zooanthids, ascidians, and soft yoralbenthic assemblages, the rst two principal components (PC1
cyanobacteria, macroalgae, turf algae, and live hard .corand PC2) from the PCA on environmental variables were then
The selection of benthic groups was based Eamglish et al. used in multivariate generalized linear models (manyglrjrf
(1997) Biotic groups were classi ed including any epiphyticthe mvabund package in RA@ang et al., 2002 Manygim ts
growth, irrespective of the underlying surface structureety a separate, univariate, generalized linear model to therdecb

To complement this, surface structures that provide avadlablcover of each benthic group and relates each cover to a common
substrate were also quanti ed and recorded. These sulestraset of explanatory variables to create a multivariate arssdygsoss
types included sand, rubble, and hard substrate (i.e., pilgnar taxa. The function uses resampling-based hypothesis tesiing
dead coral, pavement). Live coral could also be seen as a handike community-level and group-speci ¢ inferences, retugnin
surface structure in addition to a biotic group, but is undable a multivariate analysis testing where environmental vdesb

for recruitment. are associated with the multivariate abundances (i.eh e
. community of benthic groups as a whole). Manyglm was applied
N Isotope Signatures to each year with a negative binomial distribution to detemsi

To identify variation ind™®N of reef sediment and the commonly the environmental variables that were most related to bienth
found brown calcifying algaadinasp., sediment and algae were cover. The ts of the models were assessed by examining r@sidu
collected from each site in sampling year 2014. Collectiontdeptplots. The relationships of individual benthic groups with the
was always 5m below low tide to standardize light-assatiateenvironmental PCs were also examined to see which benthic
change in plant isotopic valueRadinaand sediment samples groups are contributing to patterns at the community level.

were collected in replicates of ve. Sediment was taken from

the top 2mm of the sediment using 2.0ml Eppendorf tubesBenthic Indices of Coral Reef Health

All algal samples were cleaned of detritus and epiphytes,dinsd o evaluate trends in coral reef status over space and time, we
with distilled water, and then dried at 6Q for 48 h. Samples chose to use the AGGRA benthic inderémer, 2003; Lang
were ground to powder with mortar and pestle and analyzed foet al., 201)) This index was calculated as the ratio of the sum
d 1°N using a Thermo Finnigan Delta Plus mass spectrometedf benthic cover of important reef calci ers necessary foefre
coupled with a Flash EA 112 elemental analyzer. Isotopic mesulaccretion and preferred for coral recruitment, as well as for

are expressed in standaddinit notation as: enhancement of coral reef biodiversity (i.e., live sclénéut
corals and CCAAdey, 1993 to the sum of benthic groups
dX(%0) D [(RsampleRreferencd 1] 1000, often associated with altered coral reef ecosystems (irkalgae,

macroalgae, sponges, cyanobacteria, and other invereshrat
where X is®N, and R is the ratio of 15N/14N for nitrogen. ~The second index was reef rugosity, measured using the linear
The variation in analytical precision of the measurementgistance- tted chain methodRisk, 197}. The chain length used
was < 0.06%.. All d15N values were reported as %o VS. air, was 20 m, and measurement was conducted once per transect,
respectively, and normalized to atmospheric nitrogen (rgeen) ~ Starting at the rst 10 m point. These two indices were chosen a
and calibrated to the International Atomic Energy referenc Possible indicators of coral reef health based on the assumptio

materials of IAEN N1 and N2. that relatively higher abundance of benthic sessile catsi
compared to other reef organisms indicates better reef hemitd
Data Analyses that coral dominance will result in higher structural compikgx

Spatial and temporal patterns in environmental variables and

benthic data were log or square root transformed after tgsti RESULTS

for normality, and then analyzed using permutational anaysi . . .

of variance (PERMANOVA; PRIMER 7, version 7.0.10) to sespatio-temporal Patterns in Environmental

whether signi cant di erences were detected among yearth wi Variables

distance as a covariate. If signi cant di erences were deigc Environmental variables signi cantly di ered across yeénsth
across years, a pairwise comparison test was performed tioe exception of i) and varied in their patterns across the on-to-
see which years were signi cantly di erent from each other.o shore gradient Figure 2 Table 1), with the exception of NQ
Years that were not signi cantly di erent were then pooled. and NOx:P (Figure 2 Table S1). The clearest spatial patterns were
Regression analyses were carried out on environmental arsgen in P@ , Chla-like uorescence, SPM, andgwhich were
benthic variables using distance from shore as the independegenerally higher nearshore and decreased o shore, while DO
variable (STATISTICA 12). Correlation analysis among béanth and pH were generally lower nearshore and increased o shore
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(Figure 2, Table 1). Yet, di erences across time were recordedwas not measured in 2013, but values in 2014 varied across
PO?1 was generallyx 0.2mM, with no variation across sites the shelf between 50 and 9fgl . In contrast to Chla-like
in 2012. In 2013 and 2014, values decreased across the omerescence, SPM was highest in 2014, up to 33 rhghnd

to-o shore gradient, with values starting at G in 2013,

decreased o shore. pH increased with distance from 8.1 to

and <0.1mM in 2014. NG concentrations ranged from 0 to 8.3, with 2014 being higher than 2012 and 20Egyre 2,
1.2mM and showed no signi cant relationship across distanceTable 1).

(Figure 2). NOy:P was quite variable over time and space from Other environmental variables, including temperature and
0 to 12, but seemed to be higher in the midshelf region in yeasalinity, showed contrasting increasing and decreasiegds
2014 Figure 2). Si showed signi cant contrasting positive and with distance in di erent years, with temperature beingQ
negative trends on-to-o shore in 2012 and 2014, respectjvelyower in 2013, from 27 to 2%, compared to 29 to 3C
with concentrations in 2013 ranging between approximatelyn 2012 and 2014 Rigure 2, Table 1). Salinity was slightly
2-4mM. In 2012, Chla-ike uorescence was approximately higher nearshore in 2014 than in 2012 and 2013, at 35 ppt

twice as high as other years, up tordgl lin the nearshore
site, corresponding with a DO of 4.6 mdi, and DOC up
to 150 mgl . In 2013 and 2014, Chhdike uorescence
also decreased with distance, reaching up to r2gs 1, and
corresponded to DO in nearshore sites around 6 mMglDOC

compared to 34 ppt Kigure 2, Table 7). Mean annual SST
from the Spermonde Archipelago (latitude5.16 to 4.66S;
longitude:118.83 to 119.5 E) and recorded total annualfadlin
for Makassar were 29.3, 29.5, and 2€@.5and 282, 131, and
94 mm for years 2012, 2013, and 2014, respectively. For the PCA
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TABLE 1 | Results of regression analyses of environmental variablegth distance from shore for all environmental variables &t showed a signi cant difference with
distance or an interaction effect in the PERMANOVA analys{able S1).

Environment variable Year F P Equation R2
POy4
2012 0.0002 0.99 - -
2013 56.4 <0.001 yD 0.029In(x)C 0.2025 0.77
2014 21.2 <0.001 y D 0.007In(x)C 0.0625 0.53
Si
2012 12.1 0.001 y D 0.0108x C 1.6508 0.21
2013 0.002 0.96 - 0.20
2014 12 0.001 yD 0.0056x C 0.897
DOC
2012 52 <0.001 yD 10.78In(x)C 128.49 0.43
2014 1.07 0.31 - -
Chl a
2012 23.6 <0.001 yD 0.647In(x)C 2.7859 0.74
2013 C 2014* 14.7 <0.001 yD 0.217In(x)C 0.8659 0.39
SPM
2012 32.1 <0.001 yD 3.717In(x)C 21.628 0.62
2014 10.1 0.002 yD 2.303In(x)C 11.503 0.77
DO
2012 18.9 <0.001 y D 0.387In(x)C 5.1492 0.52
2013 C 2014~ 8.58 0.004 y D 0.115In(x)C 6.2926 0.12
TEMPERATURE
2012 30.7 <0.001 yD 0.0437x C 30.817 0.40
2013 9.05 0.005 y D 0.0176x C 27.483 0.21
2014 0.015 0.9 - -
pH
2012 15.6 <0.001 y D 0.0129In(x)C 8.1083 0.20
2013 2 0.17 - -
2014 55 0.02 y D 0.0124In(x)C 8.1832 0.22
SALINITY
2012 6.18 0.02 y D 0.0105x C 33.725 0.26
2013 4.09 >0.05 - -
2014 77.6 <0.001 yD 0.0112x C 34.685 0.63
Kg
2012 C 2013* 28.5 <0.001 y D 0.054In(x)C 0.3548 0.28

Years were pooled based on the PERMANOVA results and pairwise compaois tests. Signi cant P-values are in bold. Asteriskindicates data from years were pooled.

of the environmental variables, only 5 variables in which fu  To better identify the suite of variables that may be useful
datasets were available from 2012 to 2014 were used for tfe further monitoring, we carried out an additional PCA ugin
spatial-temporal analysis. This included Ghlike uorescence, mean values calculated with available data over all 3 yeieiis w
DO, pH, temperature, and salinity. PC1 explained 45% of théhe complete set of environmental variables. The rst fouesit
variation, and was strongly, positively driven by pH (loading separated along PC1, in relation to GhIDO, pH, temperature,
0.565) and DO (loading: 0.583) and negatively by &€tibading:  salinity, SPM, I, and DOC, and the last 4 sites separated
0.428) Figure 3 Table 2. PC2 explained 32.5% of the variation along PC2 in relation to silicate, NOx:P, temperature, and pH
and was positively driven by temperature (loading: 0.730);&h (Figure S1, Table S5).
(loading: 0.445), and salinity (loading: 0.40B)gure 3 Table 2. Although dissolved inorganic nutrients, including NOQwere
Environmental data from 2013 clearly separated from 2012 angenerally low across all site°N of sediment and the brown
2014 along lower values of PC2, and from 2012 along highealcifying macroalgeéPadina sp. were heavier nearshore and
values of PC1, while data from 2012 and 2014 separated alosigni cantly decreased further o shoreFgure 4). Sediment
PC1, but were similar along PCEigure 3). d'®N values were heavier than those of macroalgae, ranging from
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FIGURE 3 | Principal component analysis of environmental data from war = o : : }
quality variables Chl, DO, temperature (Temp), salinity, and pH, indicated for BQ
each site as distance from shore in years 2012, 2013, and 2014Principal — 0 20 40 60
components 1 and 2 are used in subsequent multivariate GLMs fdbenthic =
communities (scores listed in Table S4). S| 8 .
o Padina sp.
7 -
TABLE 2 | Loadings on PC1 and PC2 of Principal Component Analysis of
environmental variables across sites and time. 6
Environmental variables PC1 PC2 5 4
Chla 0.428 0.445 4 ' vy =-0.651In(x)+ 3.6563
DO 0583 0173 . R*=0.64,F=50°
pH 0.565 0.272
Temperature 0.031 0.730 2 -
Salinity 0.395 0.406
1 -
Highest loadings for PC1 and PC2 are in bold.
o T T 1
. 0 20 40 60
3—7%0 compared to 0.5-4.5%., respectively, and showed a better
overall twith distance than macroalga€igure 4). Distance trom shore (km)
Spatlo'temporal Patterns n Benthlc Coral FIGURE 4 | N stable isotope values (115N) of sediment samples and of the
Reef Composition and Substrate Type macroalga Padinasp. collected in 2014 at each site plotted as distance from

Coral reef benthic community cover varied with distancenfro shore (km). Asterisks indicate level of signi cance (*# 0.001 and *< 0.5).
shore but showed few di erences across years, with the exgepti
of CCA and macroalgad-{gure 5, Table S2). Overall, live coral
and turf algae were dominant in terms of reef covEigure 5.  contribution to benthic cover was not signi cantly di erent
Live coral cover increased from less than 10% in the neaeshoacross distance and years, at less than 30% at all sitept thee
site to as high as 40-50% in the middle and outer reef siteasearshore site (20—60%igure 5 Table S2). Hard substrate was
(Figure 5 Table 3. In contrast, turf algal cover was up to 90% in signi cantly di erent with distance and across yearsigure 5,
some transects in nearshore sites, and decreased furtsboce  Table S2), following an increasing trend with distance in 281@
(Figure 5, Table 3. CCA cover was 0 % at nearshore sites an@014, from 0 to 30%Higure 5, Table 3. In 2013, hard substrate
increased with distance up to 20% o shore in 2012 and 2013overage was highest across most sites (30—-70%) and did not
In 2014, CCA cover was slightly higher, with one midshek sit decrease with distancé&ifure 5 Table 3. With the exception
reaching up to 30—40%F{gure 5 Table 3. Macroalgae cover of the site closest to shore where sand, hard substrate, and
did not signi cantly change with distance, but ranged betéme rubble were all present, rubble had the highest cover neagsho
0 and 20% at nearshore sites compared to 5-7% o shoreip to 60% and signi cantly decreased with distance from shore
Cyanobacteria and sponge cover were also not signi cantlthroughout each yeaHigure 5 Table 3 Table S2).
di erent across sites; however, high variation in cover was As the benthic biotic cover showed little di erentiation ass
observed in midshelf sites, from 5 to 40% among transectgears, all years were pooled together for the PCA analysis
(Figure 5 Table 3. Other invertebrates were 10—25% nearshorg(Figure 6). Additionally, substrate type was added to see whether
decreasing o shore to less than 5%dure 5 Table 3. there were any particular relationships with substrate aratibi
Along with live coral, other surfaces included sand, hardgroups apart from live coral. Together, PC1, PC2, and PC3
substrate (i.e., primarily dead coral pavement), and rub®énd explained 65% of the variation in benthic cover across sites.
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FIGURE 5 | Percentage of benthic cover of dominant groups of coral reebrganisms and substrate type measured at each site in 2012 (ite), 2013 (gray), and 2014
(black). Sites are represented by distance from shore (kmnahe x-axis. Regressions are indicated for variables that®wed a signi cant increase or decrease with
distance, after testing rst for differences across years ad pooling years that were not signi cantly different from eab other (PERMANOVA, results from Table S2). Full
results from regression analyses, equations an&? values are shown inTable 2. Asterisks indicate level of signi cance (***Indicates 0.001, **Indicates> 0.001 and
< 0.1, *Indicates> 0.01 and < 0.5).

PC1 was most driven by macroalgae (loadind.434), sand highest cover, live coral and turf algae, which were found

(loading: 0.491), other invertebrates (loading:0.496), and across all sites. Live coral was positively correlated to CCA,

live coral cover (loading: 0.455), representing the laigdes and negatively correlated to macroalgae, other invertelsratnd

gradient on-to-o shore Figure 6). PC2 was primarily driven turf algae (Table SFigure 7). Turf algae also showed a strong

by hard substrate (loading: 0.406) and turf algae (loading: negative correlation with CCA and were positively correlated
0.632), while PC3 was most a ected by sponge (loading: 0.496) rubble and hard substraté=igure 7). In 2012 and 2014, turf

cyanobacteria (loading: 0.468), and rubble (loadin@.450). algae were correlated primarily with rubble, but in 2013 hHigrf

General groupings of the data show that the nearshore si@gae cover was related primarily to an increase in hard saiest

was dominated by macroalgae, other invertebrates, andysan@Figure 7).

substrate (PC1), while midshelf sites from 7 to 14km were

dominated by turf, rubble, and hard substrate (PC2, PC3sSi Relationship among Environmental

further o shore from 19 to 55 km were primarily associated with \/ariables and Benthic Communities

CCA and live coral (PC1), as well as sponge and cyanobacterianultivariate GLM tests showed that benthic community

22 and 27 km from shore (PCBijgure 6). composition was signi cantly related to environmental PG i
Correlations among and between benthic groups ang012 and to both PC1 and PC2 in 201Bable 4. In contrast

substrate types revealed a number of signi cant relatiopshi to 2012, benthic communities were signicantly related to

(Table S3). Here we focus primarily on the two groups withenvironmental PC2 in 2014T&ble 4. PC1 of the environmental
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TABLE 3 | Results of regression analyses of benthic cover (%) and subste type with distance from shore for all benthic variabkthat showed a signi cant difference
with distance in the PERMANOVA analysis (Table S2).

Benthic cover Year F P Equation R2
LIVE CORAL
2012-2014 19.7 <0.001 y D 0.4136x C 12.674 0.22
TURF ALGAE
2012-2014 16.07 <0.001 yD 0.5403x C 48.714 0.19
CCA
2012-2013 97.1 <0.001 y D 0.3695x — 2.7183 0.68
2014 8.4 0.01 y D 0.368x C 4.4146 0.28
SPONGE
2012-2014 2.52 0.11 - -
OTHER INVERTEBRATES
2012-2014 17 <0.001 yD 3.29In(x)C 12.124 0.47
HARD SUBSTRATE
2012 8.23 0.01 y D 0.3084x C 15.069 0.27
2013 1.38 0.25 - -
2014 5.46 0.03 y D 0.2752x C 7.7016 0.20
RUBBLE
2012 C 2014 12 0.001 yD 0.3935x C 37.396 0.21
2013 3.16 0.09 - -

Years were pooled based on the PERMANOVA results and pairwise companis tests. Signi cant P-values are in bold.

variables was characterized primarily by Cal DO, and orincrease in the benthic index in 2014 with some sites digtua
pH, while PC2 was characterized primarily by temperaturegxceeding the values of 20Edure 8, top).

salinity, and Chla (Table 2. Univariate analyses indicated Reef rugosity followed a similar pattern as the benthic index,
that other invertebrate cover was signi cantly a ected by al generally increasing on-to-o shorg={gure 8 bottom). The site
environmental variables, as shown by a signi cant relagitip  closest to shore had the lowest reef rugosity score ane littl
to both environmental PC1 and PC2 in all yearfaple 5. variation over time. However, the site furthest o shore was
Relationships between cover of all other groups -includingonsiderably lower than some of the midshelf sites, and did n
live corals, turf, macroalgae, CCA, sponge, and cyanobacter match the pattern seen in the benthic index. Other sites slidowe
and PC1 and PC2 varied across yearable 5. Of the most a similar decrease in reef rugosity in 2013 with a subsequent
dominant groups, live coral cover was only signi cantly telh increase in 2014, in line with the drop in benthic index. Hoxee

to PC1 in 2012 and PC2 in 2014. Turf algae was signi cantlyio sites showed a complete recovery of the reef rugosity index
related to PC1 in 2012 and PC2 in 2013, but not relatedack to 2012 levels-{gure 8 bottom).

to PC1 or PC2 in 2014. CCA was related to PC1 in years

2012 and 2013, but to PC2 in 2014. Sponge was related to

PC1 in 2012 and PC2 in 2014, while cyanobacteria werB|SCUSSION

signi cantly related to PC1 and PC2 in 2012 and PC1 in 2013

(Table 5. The coral reef system of the Spermonde Archipelago has
) ) been the focus of extensive studies in the past two decades,
Benthic Indices of Coral Reef Health serving as a model system to examine spatial dierences

The benthic index showed a general increasing trend onin biodiversity, ecological and geological processes, and
to-o shore, but with variation among yearsF{gure 8 top). anthropogenic in uences along a cross-shelf gradient witthie
Midshelf and o shore sites greater than 20 km from shore hadCoral Triangle Edinger et al., 1998; Renema and Troelstra, 2001;
values 1, indicating an equal or higher percent of live coral andCleary et al., 2005; Becking et al., 2006; Sawall et al., 2013;,
CCA cover compared to other benthic biotic groups. Nearshoréloeksema, 2012; Plass-Johnson et al., 2015a, 2016a,biaPolon
and midshore sites up to 20km from shore had mean valuest al., 201} In this study, we go beyond previous research
below 1 reaching as low as 0.@%gure 8 top). The benthic index by identifying several important indicators of water quglit

at the site closest to shore was approximately 0.10, whilatde sand the main environmental drivers of coral reef community
furthest away from shore had the highest index value around omposition in the Spermonde Archipelago, including an
with little changes noticeable across time in both of théessAll  assessment of temporal trends. Through comprehensive reef
other sites in between showed some variation among yeatts, wimonitoring of environmental variables, benthic community
an interesting sequential pattern emerging. From 2012 td3201structure, and substrate type across an on-to-o shore gratdi
there was a noticeable decline in the benthic index in anurobe over three consecutive years, we show that both chronic and
these sites. Interestingly, all of these sites experienoeebaery, acute local disturbances acted together as drivers of ceddl
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FIGURE 6 | Principal component analysis of benthic groups and substri@
type for all sites indicated by distance from shore for 20122013, and 2014
combined. PC1, PC2, and PC3 together account for 65% of the vaation.

community composition. Chronic disturbances in the form
of poor water quality impacted nearshore reefs, while acuty
disturbances played a role in shaping reefs in the mid-shelf,
where water quality was better, but disturbances such ast bla
shing and Acanthaster plancbutbreaks Plass-Johnson et al.,
20151 were likely a ecting live corals and substrate type and
leading to changes in relative cover of benthic groups. Acute
disturbances in the mid-shelf reefs also led to higher \alitst in
the community structure over time, revealing both the potaht
for decline and recovery within the study period.

D

Evidence of a Cross-Shelf Gradient of

Water Quallty n Spermonde ArChIpelago FIGURE 7 | Correlations between turf algae and live coral cover, CCAubble
Environmental variables associated with water qualitylLiding and hard substrate. Years are shown in separately by color lpooled for the
in situ Chl a- uorescence, DO, pH, SPM, and Iight attenuation,| correlation analyses. All correlation coef cients are sigrcant (P < 0.001).

Kq (Fabricius et al., 2012; Jessen et al., p&howed consistent
increasing or decreasing trends spatially with distancenfro
shore. They serve as strong indicators of eutrophication @ind in the magnitude was observed among years. The higheChl
high inputs of particulate matter, especially in the nearstsite.  concentration in 2012 likely drove higher DOC and lower DO
Despite the consistency in this spatial trend, some varigbili concentrations in that year as a result of increased mialobi
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TABLE 4 | Results of multivariate GLMs between PC1 and PC2 of environemtal with the exception of KP, the site furthest o -shore. In carlzte-

water data showing the relationship between water quality @d benthic rich coral reef systems, Pis usually the Iimiting nutrientedu
community composition for 2012, 2013, and 2014. to inorganic P being readily absorbed by carbonate sediments
Multivariate test (Lapointe, 199y however, some evidence of N-limitation has

been found in other reef system&gfned, 1998 and is well

Res.DF dt.diff Dev Pr(>Dev)  supported for coastal areas worldwidecwarth and Marino,

2012 pCL 22 1 29.94 0.002 _20(?6. Our ndi_ngs of low N to P ratios in the Wz?\tgr-c_olumn

PC2 21 1 10.43 0.069 indicate that N inputs to the nearshore area are driving iRses
2013 Pe1 22 1 49.36 0.001 in prmgary productlon._ High inputs qf N, prlmar_lly in the f_orm

PC2 21 1 4219 0.001 of NH;, and SPM, which carries a high proportion of particulate
2014 pC1 2 1 0.48 0185 organic matter (POM), is discharged from the mouth of the @all

' ' River into the nearshore coastal area of Spermonde Archipelago
PC2 21 1 44.12 0.001

(Nasir et al., 2015, 20).6Chl a concentrations at the river
Signi cant P-values are in bold. mouth have been found to be as high as 2—7 mg*ri.ukman

et al.,, 2014; Nasir et al., 2Q15%hich supports the relatively

high concentrations we observed in 2012 at 1 km from the coast

The change in magnitude of Clal concentrations over seasons
activity, a clear sign of poorer water quality driven by synmpso  and across years serves as a good indicator of current ntitrie
of eutrophication. SPM was higher in 2014, which may havavailability status, despite the low levels of inorganicrieats
directly limited phytoplankton production due to light reddon.  found in the water-column.
However, SPM can also be inuenced directly by runo of Impacts of anthropogenic nutrient inputs were further
particulate matter from land. A recent study in the same syste con rmed by the enrichedf!°N signatures found in the sediment
showed the close correlation of Cal SPM, and DOCHKegler and macroalgae in the nearshore sitésnflau et al., 1989
et al., 201y, however, values in our study for 2012 were muchWastewater is generally enriched %N, from 10 to 20%o,
higher than the reported values in that stud¢ggler et al., 2007 compared to other N sourcesigaton, 1985 Macroalgae take
The variability among these environmental parameters withi up primarily inorganic nutrients in the form of N@ and
our sampling may be due to the timing of the phytoplankton NHE directly from the water column, with little to no isotopic
bloom, or to ENSO related climate conditions that in uence fractionation, being lighter than or equal to the N isotopic
riverine nutrient inputs. Rainfall was highest in 2012, whic signature of their sourceHeikoop et al., 2000; Lapointe et al.,
may have increased riverine inputs and stimulated the higl2005; Umezawa et al., 2007; Dailer et al., 20Ehriched
phytoplankton production and other eutrophic symptoms. Thed'®N values of macroalgae ranging from approximately 6—
combination of high SPM and phytoplankton concentrations13%. have been shown to be correlated to high N inputs
caused a reduction of light penetration nearshore, as showinom wastewater to coastal areaSoEtanzo et al., 2001; Cole
by the higher K values. Satellite-derived observations havet al., 2004; Savage and Elmgren, 2004; Lapointe et al., 2005;
con rmed large scale spatial gradients in chl a uorescente i Deutsch and Voss, 20nasotopic N signatures of sediment have
the region, and have been useful in other studiesl¢nia et al., also been used as an indicator of wastewater sewage e uent
2015 https://oceancolor.gsfc.nasa.gov/cgi/l3/A2002185204. (Savage et al., 2004and may directly re ect the source of
L3m_CU_CHL_chlor_a_4km.nc.png?sub=img), but may be lessettled organic particulate matter, as well as various fsaetion
reliable on the smaller spatial-scale. They, however, magéfel  processes during microbial degradation which could lead to
for predicting onset of blooms in strong La Nifia years, as da¢a  further enrichment. In our study, sedimedt®N signatures were
readily available with high temporal resolution. higher than that ofPadinasp., and may more accurately re ect

Despite signs of eutrophication and high inputs of SPMthe direct source of N, as in subtropical waters of Okinawa,

dissolved inorganic nutrients remained low near the detect Japan, the macroaldadina australisvas shown to isotopically
limits in our study sites. This pattern has been shown in othediscriminate during N assimilation {mezawa et al., 2007
coral reef systems, and is likely due to the rapid uptake dflonetheless, both sedimentand macroat§aN signatures were
nutrients from the water-column by abundant phytoplankton signi cantly higher nearshore, signaling a change in N seur
and other benthic marine plantsS(nith et al., 1981; Furnas along the on-to-o shore gradient. These data further suppbe
et al., 200h In the Great Barrier Reef, dissolved inorganicneed for management of N inputs, particularly from wastewater,
nitrogen concentrations in the water-column have been show from the city of Makassar, which should be prioritized to regu
to be relatively depleted; 0.1mM, despite high riverine inputs eutrophication symptoms in the nearshore coral reefs.
(Furnas et al., 2005 This has been linked to rapid uptake  Environmental variables related to climate, such as
by phytoplankton, which then stimulates higher production oftemperature and salinity, showed some spatial and temporal
dissolved organic nutrients in the coral reef system albgla variability during our study periods, but were less predittab
for benthic organisms. Although dissolved inorganic neti  along the cross-shelf gradient, and did not correlate gjign
concentrations were relatively low in Spermonde Archipelago with inter-annual di erences in temperature and rainfall gen
range ok 1 to 10 of NOx:P indicates that this system is N-limitedby climatic conditions of ENSO. Annual SST and rainfall data
nearshore and gradually moves toward P-limitation furtheray, available from the NOAA Coastwatch program revealed that
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TABLE 5 | Results of univariate GLMs between PC1 and PC2 of environméal water data showing the relationship between water quay and benthic community
composition for 2012, 2013, and 2014.

UNIVERIATE TESTS

Live coral Turf algae CCA Macroalgae Other invertebrates Sp onge Cyanobacteria

Dev Pr(> Dev) Dev  Pr(>Dev) Dev  Pr(>Dev) Dev Pr(>Dev) Dev Pr(> Dev) Dev Pr(>Dev) Dev  Pr(>Dev)

2012 PC1 3.932 0.012 2.552 0.003 6.697 0.02 1.328  0.279 4.86 0.005 3.846 0.013 4.955 0.029
PC2 0.531 0.292 0 0.995 0.021 0.868  2.63 0.077 1.681 0.042 0.002  0.944 5.493 0.028
2013 PC1 1.277 0.259 3.386 0.052  13.767 0.001 3.352 0.086 4.322 0.04 2.252 0.066  17.569 0.001
PC2 0.001 0.977  17.862 0.001 0.346 0.56 8.152 0.014 6.811 0.011 0.008 0.913 2.532 0.112
2014 PC1 0.617 0.399 0.043 0.752 0.547 0.46 0.866 0.296  4.108 0.04 1545 0.073 0.485 0.49
PC2 11.02 0.003 1.463 0.067 18.424 0.001 0.074 0.75 9.397 0.002 2.258 0.038 1.064 0.309

Signi cant P-values are in bold.

rainfall was much higher in 2012 than in 2013 and 2014, antarnacle recruitmentHlass-Johnson et al., 20).68he increase
annual SST in the region was actually @igher on average in in live coral and CCA cover further o shore demonstrates the
2013 and 2014 compared to 2012 (https://coastwatch.pfeg.no@@uence of increasing water quality on community struceur
gov/infog/MP_sstd_las.html). Salinity di erences amongarge with distance from the coast. This pattern along a crosstshel
in our study periods may partly be explained by climate-drivengradient is evident in other reef systems within Indones&iam
changes in rainfall among the years, as 2014 had the lea&tliai et al., 2015; Breckwoldt et al., 2016; Cleary et al., )2amd
and was highest in salinity. However 2012, a La Nifia yearttad around the world Grigg, 1995; Mallela et al., 2004, Fabricius
highest rainfall but did not show any noticeable e ectonsa)i et al., 2005; Lirman and Fong, 20GHat are directly in uenced
at the end of the dry season when we sampled. Temperature diy heavily populated cities on the coastline. Coastal areag alo
not re ect the inter-annual trends in SST, as 2013 was repgbrtethe Great Barrier Reef, Australia similarly showed commynit
to be approximately 2 lower than 2012 and 2014 during our shifts from phototrophic invertebrates to macroalgae and
sampling period. Temperature di erences may have been driveheterotrophic invertebrates under high nutrient and sedithe
by varying local conditions in uenced by small-scale di exes loads (abricius et al., 20)2
in tides and movement of water masses among shallow water The coral reefs of Spermonde Archipelago, however, seem to
depths. These temperature conditions, however, may play a rolellow a trend of increasing dominance of turf algae, whicls ha
in in uencing short-term responses in primary productivity en  also recently been reported in other areas within the IndoiBac
other biological and biogeochemical processes within thdyst (McCook, 2001; Bruno et al., 2009; Smith et al., 20These
period. trends of increasing turf algae are in contrast to the clasgsic
model of phase-shifts from coral to macroalgae often obskrve
in the Caribbean lughes, 1994; Ro and Mumby, 20)and

Evidence of a CrO_SS'SheIf Gradient in the Great Barrier reefHughes, 1994; Bellwood et al., 2)06
Coral Reef Benthic Community Structure Turf algal cover, which was found to be negatively correlate
and Potential Environmental Drivers with coral and CCA cover in Spermonde Archipelago, reached

Spatial dierences in coral reef benthic communities and>50% cover in many sites over the 3 year study period, and was
substrate type across the shelf-gradient of Spermond&ghly correlated to percent rubble and hard substrate, cstime
Archipelago highlighted the relative role of water qualityof dead coral pavement. In 2013, in particular, an increase in
along the on-to-o shore gradient. While macroalgae andeth turf algae was observed and was correlated to an increase in
invertebrates were relatively low in % cover compared to liveard substrate. In a parallel study in Spermonde Archipelago,
coral and turf algae throughout the system, their increasetdrf algae were also found to play a major role in the early
presence and the low live coral cover<at0% in the nearshore succession of coral reefs, particularly in the midshelfssigand
sites was linked to poor water quality in this area. Althoughwere not found to be in uenced by herbivore®I@ss-Johnson
macroalgae can become abundant where nutrient inputs arét al., 2016 These ndings further support the dominance of
high, a recent studyqlass-Johnson et al., 20)feund nearly no  turf algae in the Spermonde Archipelago, particularly as acute
top-down control at the site nearest shore suggesting thaewa disturbances, such as destructive blast- shirigeitSoede and
conditions can also be detrimental to macroalgal prolifenati Erdmann, 199§ storms andAncanthastecrown of thorns-

This includes light limitation as well as high DOC, which hot outbreak Plass-Johnson et al., 20)5@rive increases in relative
have led to negative impacts on corals and marine algae ngausicover of rubble and dead coral which then become available as
mortality and reduced net photosynthesiglife et al., 2006; Substrate. In order to understand whether phases of turflalga
Meyer et al., 2075 Alternatively, invertebrate Iter feeders can dominance represent a transitional reef state or a resitgible
benet from high particulate organic matter concentrations state due to the presence of an unbreakable negative feedback

(Fabricius, 2005 which at LL was shown to result in increasedloop (Nystrom etal., 2012; Glaser et al., 2J) f@rther knowledge
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FIGURE 8 | Benthic biotic condition index and reef rugosity score for ach year at each site with distance from shore (km). Benthicibtic index is calculated as a ratio
between live coralC CCA cover and all other biotic groups (turf alga€€ macroalgae C sponge C cyanobacteriaC other invertebrates).

is needed on the ecological role of turf algae in reef suimess reef in highly physically disturbed areas exposed to blast ghin
and recovery, and the relative controls acting upon them. (Plass-Johnson, 20)L5Another interesting association with the
An additional observation in the coral reef benthicincrease in cyanobacteria was the higher inorganic nitnoge
community structure that did not follow an on-to-o shore concentrations in the o shore reefs, which may be in part
gradient, but was nonetheless important, was the increatfeein driven by cyanobacteria that are capable of kation (Biegala
relative cover of sponge and cyanobacteria cover that oedurr and Raimbault, 2008; Charpy et al., 2012a,b; Benavides, et al.
in the mid-o shore islands. Sponge and cyanobacteria wer@017). As cyanobacteria can quickly overgrow bare substrate
positively correlated to each other as well as to rubble and ha or dead coral skeletons, increased Mation rates have been
substrate, and therefore, may also be linked to acute pHysicabserved on coral reefs aftAr plancicrown of thorns-outbreak
disturbances. Within the sampling periods, high sponge coveor bleaching mortality (arkum, 1988; Davey et al., 200Bligh
was observed to increase dramatically over parts of the corgponge cover could also be responsible for the increased DIN
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content in the water at KS due to associations of the spongbswi  Chl a, DO, and pH are easily obtained measurements
nitrifying and N xing bacteria Diaz and Ward, 1997 that were found to signi cantly impact coral reef benthic
Although signi cant patterns in environmental variablescan composition. The change in magnitude of these variables
coral reef benthic community structure were found along theacross years can also be used as an indication of changes in
cross-shelf-gradient, discerning the individual envinmental nutrient availability over time. Small changes in temperatu
variables driving community structure was more di cult. T and salinity were also found to explain some of the variation
is primarily due to the discrepancy between indicators within coral reef community composition, but while useful for
di erent time scale integration. Even though comparisons ever understanding potential climate responses, would need to
conducted in the same season each year, there remains a maj@ monitored on a more frequent basis to dierentiate
source of variability and error due primarily to variation in short term variability from long term, climate change
responses of hydrological variables across time as welleas ttommunity responses. Other environmental variables, such
magnitude and variation of these di erences, which was nofis inorganic nutrient concentrations, were less reliable
similarly observed in the benthic community as a whole. Diespi indicators of coral reef condition, showing contrasting
these drawbacks, several important trends emerged. Hist, tspatial patterns with distance over time; however, NOx:P
multivariate analyses showed that the benthic communityatios showed some importance in comparing changes in
responded to PC1, driven by di erences in Chl a, DO, and pHutrient limitation among nearshore, midshelf, and o steor
in 2012, the year in which these variables combined showeefs.
signs of eutrophic conditions. Second, in 2013, when eutrophi  The benthic index which measures relative dominance of
conditions and temperature were lower, the benthic commynit coral reef benthic organisms e ectively revealed the in gen
responded both to PC1 and PC2, in which PC2 was driven bgf chronic cross-shelf water quality on the coral reef bénth
di erences primarily in temperature. Some individual groupscommunity. The Atlantic Gulf Rapid Reef Assessment program
responded more to PC1 and others more to PC2. Turf algadAGRRA) has used the same benthic index to measure the
macroalgae, and other invertebrates, which all were djightrelative cover of reef “promotors” and “detractors” (httpuidrw.
higher in percent cover in 2013, were among the groupsgrra.org/coral-reef-monitoring/benthos-indicatoyin order to
signi cantly related to PC2. Thirdly, in 2014, when salinit have an integrated metric for assessing reef health. A tecen
was generally found to be higher, benthic community struetu analysis of a large reef data set of over 50 central Paci s reef
primarily live coral and CCA, responded to PC2, driven also inacross ve archipelagos used a similar comparative approach
part by di erences in salinity. of cover of reef builders (corals and CCA) to eshy algae
As previously discussed, the degree of variability amon{macroalgae, turf algae), and revealed a shift in domindirwee
salinity and temperature measurements over varying tireesc reef builders to eshy algae across the region, particuladyad
needs to be considered when interpreting long-term changedahabited reefs$mith et al., 2016 Reef rugosity also e ectively
in community composition. This high variability in coral ree demonstrated acute impacts of other local physical disturb&nce
community spatial and temporal responses to environmentalo midshelf sites, such as destructive shing methods and an
variables points out the complexity of interpreting the mulépl Ancanthaster plangirown of thorns-outbreak Rlass-Johnson
environmental drivers of community structure. It also higihts et al., 2015) providing a clear picture of rapid reef decline
the need for monitoring at a higher temporal resolution thaayn and recovery among the 3 years. However, reef rugosity did
help to better predict relationships between water parameteds not t the general cross-shelf gradient at the furthest osk
benthic biota and structure, helping to better understanitvdrs  site, KP. This may be due to its location on the edge of a
of coral reef statusCooper et al. (2009Feviewed coral reef shelf. Horizontal extension of the reef is limited by the I§he
bioindicators and identi ed a number that were useful as¢im wall while the hard carbonate substratum limits erosion doe t
integrated measures of water quality, responding from miésut wave energy. This di ers to the other sites where coral growth
to months to years. Knowledge of ecological and physiolbgicdacilitated horizontal growth and wave energy contributedtie
response times of organisms and communities helps to interprehodi cation of this structure. This has resulted in the rdefing
relationships to di erent water quality parameters. located on a slope allowing for increased horizontal andivait
complexity. Except for KP, the ability of these two indices to
Lo . detect changes over time, and decline and recovery processes,
Recommended Biotic Indices of Coral Reef make them very useful and suitable for long term monitoring i
Status and Health for Future Monitoring Spermonde Archipelago as well as potentially other similar reef
Among the environmental variables analyzed, several agystems.
recommended to include in future monitoring of Spermonde The spatio-temporal analysis of water quality and benthic
Archipelago. The PCA of the full dataset of environmentalcommunity structure of Spermonde Archipelago revealed sévera
variables conrmed that Chla-like uorescence, DO, pH, important considerations for future monitoring of reef stet
temperature, and salinity were among the most importantand health. First, water quality variables showed a higlegirele
driving variables along the on-to-o shore gradient, ancatfChl  of variability than benthic community structure over timand
a-like uorescence correlated quite well with SPM,kand DOC,  therefore, should be monitored across di erent time intelsza
and can therefore serve as a proxy indicator for eutrophicatio While monthly monitoring is recommended to better capture
symptoms when monitoring is limited. changes in water quality, seasonal to annual monitoring of
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benthic community cover, as well as the benthic index andUNDING

rugosity, is adequate to capture shifts in dominance of bienth

groups as well as periods of reef decline and recovery. To mofidlis study was funded by the German Federal Ministry of

accurately determine causal relationships among envirotiaie Education and Research (BMBF; Grant No. 03F0643A) under the

variables and relative benthic cover, more frequent mamipof  bilateral German Indonesian project, Science for the Ptatac

both environmental variables and benthic cover is recomdeeh  Of Indonesian Coastal Ecosystems (SPICE) Ill. SF ackngeted

over monthly to bimonthly intervals. This sampling would additional funding from the German Federal Ministry of

have the advantage of observing strong acute changesligeg., Education and Research, BMBF (REPICORE project, grant
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