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ABSTRACT: Internal bioerosion by macroborers (polychaetes, sipunculans, bivalves, and
sponges) was investigated in dead Porites branches collected from 8 coral reefs along the Kenyan
coast, 4 and 6 yr after the 1998 mass mortality of corals. Levels of nutrients, benthic cover, and
numbers of grazing and invertebrate-eating fish and sea urchins were measured and evaluated
for their influence on macrobioerosion. The macroboring community composition was influenced
by the grazer composition on each reef; worms were the major macroboring agent where sea
urchin biomass was high, and sponges were the dominant agent where herbivorous fish biomass
was high. Bivalves accounted for a small proportion of the internal bioerosion and were not mea-
surably influenced by consumers or water quality. The total macrobioerosion rates in Porites
branches ranged from 534 + 70 to 1134 + 44 g CaCO; m™2 (4 yr after the coral death) and 837 + 111
to 2149 + 314 g CaCO; m™2 (6 yr after the coral death). The macrobioerosion rates were linearly
and positively correlated with chlorophyll a concentrations (chl a) in the water column 4 and 6 yr
after the coral death. Sponge boring rates were also positively correlated to chl a 6 yr after coral
death but not after the initial 4 yr. Consequently, the macrobioerosion rates responded to nutrient
status, but the community of borers changed with the dominant grazers, which in turn were influ-
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enced by fisheries management.
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INTRODUCTION

Climate effects, fishing, and land-based pollution
are expected to interact and lead to global changes
in the ecology and calcium carbonate balance of
coral reefs (Glynn 1997, McClanahan 2002, Fabri-
cius 2005, Hughes et al. 2007). Excess nutrients in
reef waters have been associated with increased
cover of algae and non-calcified invertebrates, par-
ticularly in overfished areas where herbivory is re-
duced (Smith et al. 1981, Birkeland 1988, McClana-
han et al. 1999, Lapointe et al. 2004). In turn, coral
mortality related both to El Nino or Southern Oscil-
lation events and global warming may interact with
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excess nutrients and reduced herbivory by increas-
ing the amount of dead coral substrate available for
colonization by these organisms, potentially leading
to shifts from calcifying to non-calcifying communi-
ties (McClanahan 2002, Hughes et al. 2007). In
degraded reefs, the calcium carbonate budget is
reduced by the simultaneous decrease in live coral
cover, and therefore the capacity for reef accretion,
and the increase in the bioerosion of reef frame-
works by boring micro- (cyanobacteria, algae, and
fungi) and macroorganisms (sponges, bivalves, poly-
chaetes, and sipunculans) and grazing echinoids
(Glynn 1997, Carreiro-Silva & McClanahan 2001,
Tribollet & Golubic 2011).
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Many endolithic macroorganisms are filter feeders
that can benefit from eutrophication (Smith et al.
1981). In fact, eutrophication has been linked to
increased macrobioerosion in numerous studies of
the fossil record (e.g. Hallock & Schlager 1986, Hal-
lock 1988) and in modern coral reefs (e.g. Rose & Risk
1985, Edinger et al. 2000, Holmes et al. 2000). Hal-
lock (1988) suggested that nutrient availability might
have increased bioerosion rates in the past and might
have been responsible for the demise or drowning of
reefs or carbonate platforms in the geological record.
Studies of modern reefs have documented increased
abundance of macroborers in areas of enhanced
nutrient availability in different geographic loca-
tions, e.g. the Caribbean (Rose & Risk 1985, Holmes
2000, Ward-Paige et al. 2005), Eastern Pacific (Fon-
seca et al. 2006), Great Barrier Reef (GBR), Australia
(Sammarco & Risk 1990, Risk et al. 1995, Tribollet et
al. 2002, Tribollet & Golubic 2005, Le Grand & Fabri-
cius 2011), and Asia (Scott & Cope 1986, Edinger et
al. 2000, Holmes et al. 2000). Based on this evidence,
bioerosion rates have been proposed as bioindicators
of changing water quality (Holmes et al. 2000, Risk et
al. 2001, Cooper et al. 2009, Le Grand & Fabricius
2011).

Grazers, such as sea urchins and parrotfish, also in-
fluence the development of macroborer communities,
macrobioerosion rates (Sammarco et al. 1987, Kiene
& Hutchings 1992, 1994), and epilithic algal cover
(Chazottes et al. 2002), potentially affecting the re-
sponses of macroborers to changes in water quality.
For example, Kiene & Hutchings (1992) suggested
that the rate of boring may be underestimated when
erosion by grazers is high. Additionally, Chazottes et
al. (2002), in studies of bioerosion processes at Re-
union Island (Indian Ocean), recorded low macro-
bioerosion associated with high cover of macroalgae
and crustose coralline algae where reefs were receiv-
ing high nutrient inputs. Consequently, benthic cover
and grazers are expected to interact and influence
the response of macroborers to eutrophication, with
implications for using macroborers as indicators of
changing water quality.

The detection of relationships between nutrient
enrichment and increased bioerosion may be influ-
enced by the type of substrate and the time that the
substrate has been exposed to bioerosion processes
(LeGrand & Fabricius 2011). Most of the above stud-
ies were conducted on dead coral blocks that were
exposed for <3 yr. This length of time may be insuffi-
cient for evaluating the entire succession of macro-
borers, possibly leading to misinterpretations of the
importance of slower colonizers, such as sponges and

bivalves, which are leading bioeroders on many coral
reefs (Kiene & Hutchings 1994, Chazottes et al. 1995,
Le Grand & Fabricius 2011). Additionally, despite the
high cover of branching corals on many coral reefs,
most studies have used coral blocks made of massive
Porites for estimating bioerosion rates over time
(Kiene & Hutchings 1992, Chazottes et al. 1995, Tri-
bollet et al. 2002), while fewer studies have used
branching corals (Musso 1992, Lescinsky 2004,
Lescinsky et al. 2008).

A mass die-off of corals in Kenya resulting from a
temperature anomaly in 1998 (McClanahan et al.
2001) provided the opportunity to conduct a long-
term 'matural experiment’ aimed at understanding
the biotic and abiotic factors that influence bioero-
sion rates. These natural experiments are good alter-
natives to traditional experimental block studies and
avoid the common practice of killing corals (Lescin-
sky 2004). We investigated variations in the macro-
bioerosion of branching Porites 4 and 6 yr after their
death on 8 coral reefs that differed in their nutrient
and fishing levels. The reefs differed in their near-
ness to shore, adjacent human population numbers,
and their fisheries management, which influenced
the numbers of sea urchins and fish and the benthic
community structure.

Previous studies have focused on the effects of par-
ticular combinations of biotic and abiotic factors,
such as eutrophication, sedimentation, number of
grazers, and epilithic cover, on macrobioerosion
(Kiene & Hutchings 1992, Chazottes et al. 1995, Tri-
bollet et al. 2002, Tribollet & Golubic 2005). The pre-
sent study is the first to simultaneously record several
environmental and biotic parameters and the macro-
boring community influence on bioerosion. Conse-
quently, the objectives of our study were (1) to esti-
mate the rate of internal bioerosion by macroborers
in branching Porites after the 1998 mass coral mortal-
ity event in Kenya, (2) to identify the environmental
and ecological variables responsible for the variation
in the macroboring community and rates of bioero-
sion, and (3) to test the suitability of macroborers as
bioindicators of water quality.

MATERIALS AND METHODS
Study sites
Macrobioerosion processes were studied on 8 coral
reefs along the Kenyan coast: 4 reefs in marine pro-

tected areas or fisheries closure areas, 2 heavily-
fished reefs, and 2 marine reserves that were exposed
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to various levels of pollution and fishing and with
varying numbers of herbivorous fishes and sea
urchins (Fig. 1). Fisheries closures included (1) 3 fring-
ing reef parks, the Malindi, Watamu, and Mombasa
Marine National Parks (MNP), and (2) 1 offshore
patch reef park, the Kisite MNP. Malindi MNP has re-
ceived increasing sediment loads and nutrients from
the Sabaki River associated with land use that has
promoted soil loss for the past 50 yr (Dunne 1979,
Fleitmann et al. 2007). The Watamu and Mombasa
MNPs lack the river sediment problem but receive
run-off from local creeks and groundwater. In con-
trast, the Kisite Marine Park in southern Kenya is at a
sufficient distance away from the coast and river dis-
charge and can be considered as a control for the ex-
pected nutrient enrichment effects in the other MNPs.

The fished locations included Diani and Kanamai
fringing reefs. The marine reserves included Ras
Iwatine fringing reef and Mpunguti offshore patch
reef, which experience moderate but gear-restricted
fishing. The Diani, Kanamai, and Ras Iwatine reefs
are located close to urban areas, whereas Mpunguti
reef is remote and is not subjected to any form of pol-
lution. The grazer community in fisheries closure
areas is dominated by herbivorous fishes, while it is
dominated by sea urchins on fished reefs due to loss
of fish predators (McClanahan & Shafir 1990).
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Fig. 1. Studied reefs along Kenya's coast. Sites included 4
marine national parks (Malindi, Watamu, Mombasa, and
Kisite), 2 fished marine reserves (Ras Iwatine and
Mpunguti), and 2 unprotected reefs (Kanamai and Diani)

On each reef, sampling occurred at 2 permanently
marked sites (~30 x 30 m) in shallow (<2 m depth at
low tide) back-reef environments. The reefs were
distributed along ~450 km of the coastline and
located 100 to 1000 m from shore (McClanahan &
Arthur 2001). More detailed descriptions of these
locations are reported by Obura et al. (2000).

Physicochemical data collection

The oceanographic conditions in East African
coastal waters are influenced by 2 distinct seasons:
the northeast monsoon (October to March) and
southeast monsoon (April to September). The south-
east monsoon is characterized by high cloud cover,
rainfall, river discharge, terrestrial runoff, and wind
energy and decreased temperatures and light.
These conditions are reversed during the northeast
monsoon. These climatic phenomena ultimately
affect the physical, chemical, and biological oceano-
graphic processes (McClanahan 1988). Therefore,
physicochemical data are reported for these 2 dif-
ferent seasons.

The physicochemical variables measured at 16
sites (2 at each of the 8 studied reefs) included nitro-
gen availability (as nitrate, nitrite, and ammonia con-
centrations), phosphorus availability (as orthophos-
phate concentration), chlorophyll a (chl a, a proxy for
planktonic productivity), total particulate matter
(TPM), and particulate organic matter (POM) con-
centrations in the water column, temperature, and
water flow (Table 1). Each site was surveyed 14
times, ~12 wk apart, between September 2002 and
August 2005. Water samples were collected close to
the reef surface using Nalgene bottles previously
washed with a solution of 0.1 N HCI. Up to 3 water
samples were collected using 1 1 bottles for nitrate,
nitrite, ammonia, and phosphate analyses. In addi-
tion, 5 replicate water samples were collected using
3 1 dark jars for chl a, total suspended matter, and
particulate organic matter measurements. The water
temperature was measured with a water temperature
logger (Hobo Temp, Onset), which recorded hourly
values at each reef site over a period of 2 to 3 yr. Cur-
rent speed was estimated using clod cards deployed
at each of the study sites, following descriptions by
McClanahan et al. (2005).

Nutrient concentrations were measured no more
than 4 h after collection with a Hach DR/2500 spec-
trophotometer using the cadmium reduction method
for nitrate and the ascorbic acid method for phos-
phorus (Parsons et al. 1984). Total particulate matter
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Table 1. Concentrations (mean + SD) of total particulate matter (TPM), particulate organic matter (POM), chlorophyll a, tempera-
ture, and current speed in unfished reefs (marine national parks, MNPs) and fished reefs. Variables are reported for 2 different
seasons: northeast monsoon (NEM) and southeast monsoon (SEM); n = 84 per reef for nutrient concentrations; n = 90 for total par-
ticulate matter, particulate organic matter, and chlorophyll a; n = 10 for temperature and current speed; nd: no data available

Reef Nitrate + nitrite (pM) Ammonia (pM) Phosphate (M) TPM (mg 1)
NEM SEM NEM SEM NEM SEM NEM SEM
Unfished reefs (MNPs)
Malindi 0.32+0.16 0.25+0.08 2.65+1.40 3.60+0.77 0.5+0.1  0.75+0.27 17.3+3.29 13.4+2.28
Watamu 0.28+0.08 0.32+0.08 3.24+0.50 1.75+0.92 0.42+0.18 0.53+0.28 15.1£2.57 13.3x4.42
Mombasa 0.25+0.08 0.39+0.11 3.79+£0.73 1.66+0.98 0.70+£0.35 0.37+0.14 16.7+3.14 13.4+5.04
Kisite 0.24+0.07 0.42+0.09 3.13+0.71 2.87+1.32 0.40+0.21 0.62+0.31 15.3+2.04 12.9+2.10
Fished reeis
Ras Iwatine 0.23+0.06 0.29+0.08 3.75+0.83 2.29+1.47 0.57+0.20 0.80+0.46 15.2+3.37 12.7+4.14
Mpunguti 0.24+0.09 0.27+0.15 3.24+042 2.35+1.18 0.37+0.11 0.44+0.28 17.0+£2.26 12.5+2.54
Kanamai 0.25+0.02 0.33+0.13 3.24+1.02 1.92+0.82 0.66+0.36 0.80+0.19 15.7+2.02 12.5+3.86
Diani 0.21+0.02 0.30+0.09 3.04+0.69 2.08+0.92 0.42+0.15 0.47+0.31 16.1£2.21 13.1+£3.91

was measured by filtering 3 1 of seawater onto pre-
weighed Whatman GF/F filters (0.45 pm pore size),
which were subsequently oven-dried (70°C, 24 h)
and weighed using a Mettler M3 balance (accuracy
+ 1 pg). The difference in weight was equivalent to
the suspended particulate material (organic and
inorganic matter >0.45 pm in diameter). These fil-
ters were combusted at 450 to 500°C in a muffle fur-
nace for 24 h, cooled, and reweighed. The differ-
ence in weight was equivalent to the particulate
organic matter (POM). Duplicate 2 | seawater sam-
ples were filtered on 2.5 cm GF/F filters and frozen
until chl a determination. Chl a was extracted by
soaking filters in 90 % acetone overnight at 4°C and
measured with a spectrofluorometer according to
Parsons et al. (1984).

Benthic substrate cover

Sessile benthic communities were studied using
the line-intercept method with 12 to 18 haphazardly
placed 10 m line transects per site. Each site was
sampled by a trained observer once a year between
2002 and 2005. The cover of benthic macrobiota
under segments of the line >3 cm in length was clas-
sified into 9 categories (hard coral, soft coral, algal
turf, coralline algae, the calcareous algae Halimeda,
fleshy algae, seagrass, sand, and sponge), and their
lengths were measured to the nearest centimeter
(McClanahan & Shafir 1990). The topographic com-
plexity of the reef was estimated by pressing the
10 m line along the contour of the reef, then measur-
ing the straight-line distance that the line traveled,
and dividing this result by 10 m (Risk 1972).

Sea-urchin biomass

Sea urchins were identified to species and counted
in 9 to 12 haphazardly placed 10 m? circular plots per
site during daytime. The wet weight (WW) of each
species was estimated from length-weight correla-
tions for individual species (McClanahan & Shafir
1990). The total sea urchin WW was estimated by
summing the WWs of each species.

Fish biomass

Biomass of fish belonging to the family Scaridae
(parrotfish) were visually estimated by a trained ob-
server along two 5 m x 100 m belt transects per site
(McClanahan & Kaunda-Arara 1996). Only fish be-
longing to this family were considered because they
are the primary consumers of endolithic algae
(Bruggemann et al. 1996). WW was quantified by es-
timating fish length divided into 10 cm size intervals.
No individuals <3 cm in length were recorded. WWs
were estimated from length—weight correlations es-
tablished from measurements of common species in
this family (McClanahan & Kaunda-Arara 1996).

Coral skeletal sampling

Six coral branches, ~15 to 20 cm in length, were
collected from 6 dead branching (digitate) Porites
coral colonies (e.g. Porites cylindrica, P. rus, or P.
palmata) at each reef site (1 branch per colony). This
genus is highly susceptible to bleaching, and nearly
all individuals were killed in April 1998 by the warm
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Table 1 (continued)

POM (mg 1Y) Chlorophyll a (ug 171 Temperature (°C) Current speed (m s7})
NEM SEM NEM SEM NEM SEM NEM SEM
3.88+1.52 1.90+0.61 0.18+0.12 0.44+0.32 27.3+0.77 26.0+£1.47 6.70+2.56 8.88+1.54
3.05+0.55 2.91+£0.65 0.20+0.09 0.45+0.48 27.5+0.72 26.8+1.48 7.95+2.18 8.16+0.31
3.04+0.81 2.83+1.67 0.20+0.10 0.36+0.19 27.1+£0.87 26.9+1.57 8.44+1.70 7.72+1.81
2.50+0.31 2.70+£0.21 0.15+0.08 0.26+0.08 27.4+0.83 26.6x1.72 9.45+2.90 6.33+1.22
2.87+0.74 2.46+1.11 0.25+0.16 0.42+0.24 28.0+0.74 29.5+0.68 7.18+2.21 7.67+0.98
3.11+£0.63 2.48+1.12 0.18+0.12 0.28+0.12 nd nd 7.74+0.48 7.74+1.10
4.03+1.77 2.62+0.87 0.15+0.08 0.44+0.26 27.9+0.95 27.4+1.80 5.66+3.78 4.93+1.40
3.11+0.96 2.60+0.81 0.23+0.15 0.34+0.27 27.9+0.73 27.0+1.69 9.63+4.08 7.51+£1.54

water temperature anomaly (McClanahan et al.
2001). In addition, the same number of samples of
live branching Porites was also collected from Kana-
mai reef with the objective of determining if corals
were bioeroded prior to their death; these samples
act as a ‘control’ for our bioerosion estimates.

Coral sampling was undertaken at frequently vis-
ited and permanently marked monitoring sites, which
made it possible to estimate the month that the coral
colonies used in the present study died. Although it is
possible that we may have missed some coral colonies
that were so heavily eroded that they disappeared,
potentially underestimating bioerosion rates, the ma-
jority of dead branching Porites colonies in the study
sites still maintained their structural integrity. More-
over, we selected coral colonies with the same state of
preservation (color and degree of encrustation by
epilithic organisms) to further ensure that the corals
studied were exposed to bioerosion for the same
length of time, and we avoided corals that might have
died prior to or after the bleaching event.

In September 2002 and 2004, dead coral branches
that matched these criteria were haphazardly col-
lected at a depth of 0.5 to 2 m during low tide. The
estimated exposure time of these corals to coloniza-
tion by bioeroders was 3.75 and 5.75 yr respectively
(herein referred as 4 and 6 yr exposure). After collec-
tion, coral samples were immediately fixed in a
buffered solution of 5% formaldehyde and seawater.

Rates of bioerosion

Three randomly located cross-sectional discs 1.5 to
4 cm in diameter and 0.7 to 1 cm thick were cut from

coral branches (1 disk close to the base, 1 in the
middle, and 1 close to the apex of the branch) using a
diamond-blade rock saw. Boring organisms were
removed while cutting the discs and were preserved
in alcohol for subsequent taxonomic identification.
Each disc was bleached to remove organics, soaked
overnight in freshwater, and oven dried. Disc surfaces
were scanned with a high-resolution flat-bed scanner,
and the images were stored on a computer. The shape,
size, and character of each borehole were used to
identify boreholes made by individual groups of bor-
ers (worms, bivalves, and sponges; Fig. 2), as de-
scribed by a number of investigators (Sammarco et al.
1987, Sammarco & Risk 1990, Perry 1998). The pro-
gram ImageJ (developed by the National Institute
of Health [NIH], http://rsb.info.nih.gov/ij/) was em-
ployed to measure the total area of the disc and the
surface areas of empty bioeroder cavities (Chazottes et
al. 2002). The percentage of bioerosion per coral disc
volume was converted to the mass of calcium carbon-
ate removed by borers by multiplying the percentage
of volume removed by the skeletal density of Porites
(1.3 £ 0.15 g cm™3; S. Mwachireya pers. comm.). The
bulk skeletal density was determined from live coral
branches of Porites cylindrica and P. rus collected on
the Mombasa and Malindi MNPs (n = 5 per reef) using
the buoyant weight method (Bucher et al. 1998). Previ-
ous studies have reported lower coral skeletal density
on nutrified nearshore reefs in comparison with off-
shore reefs (Sammarco & Risk 1990, Edinger et al.
2000). For this reason, the coral skeletal density mea-
surements used in the present study were taken from
corals in reefs experiencing intermediate levels of
nutrients and should therefore represent average esti-
mates of coral skeletal density in Kenya.
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Fig. 2. Scanned branching Porites discs (a,b) 4 yr and (c,d) 6 yr after coral
death. Examples from (a) Diani reef exhibiting boreholes produced by worms
(narrow arrow) and sponges (wide arrow), (b) Malindi MNP with abundant
boreholes produced by worms (narrow arrow) and sponges (wide arrow), (c)
Kisite MNP showing boreholes produced by bivalves (long narrow arrow),
sponges (wide arrow) and worms (short narrow arrow), and (d) heavily
bioeroded sample from Watamu MNP, showing a large sponge borehole

Values were extrapolated from the coral discs and
expressed as kg of removed CaCO; per m? of the sur-
face area exposed (surface of all sides of the coral
discs) to bioerosion per year (kg m~2 yr™!). The cumu-
lative rates were also quantified (kg per m? of surface
area of coral discs after 4 and 6 yr of exposure). The
proportional or relative contribution of each agent
(worms, bivalves, and sponges) to bioerosion was
expressed as a percentage of the total area bored.

Statistical analyses

A mixed model nested analysis of variance
(ANOVA) was used to test for differences in inor-
ganic nutrient concentrations, chl a, TPM, POM, tem-
perature, and water flow among reefs and seasons
(northeast monsoon and southeast monsoon) (mixed
procedure; SAS Institute, 2004). Reefs and seasons
were treated as fixed effects, whereas sites within
reefs were treated as random effects in the model.
Similarly, another mixed model ANOVA was used to

test for differences in bioerosion rates
among reefs and time (4 and 6 yr expo-
sure) and to examine the variation in
bioerosion rates between sites within a
reef and among samples within each
reef and site (mixed procedure; SAS
Institute 2004). Reefs and seasons were
fixed effects, whereas sites within
reefs and coral branches within reef
sites (inter-colony variation) were ran-
dom effects. The residual variance
corresponded to the variation among
replicate discs within a coral branch
(intra-colony variation).

Differences in the proportional con-
tributions of different macroorganisms
(sponges, bivalves, and worms) to
macrobioerosion were tested with a
nested ANOVA using the generalized
linear mixed model 'Proc GLIMMIX'
procedure of SAS (SAS Institute 2004,
Littell et al. 2006) for proportion data.
Percentages were logit-transformed to
linearize the data, and models were fit
to the data with residual pseudo-
likelihood. This model procedure
assumed a pseudo-binomial error dis-
tribution because the data were re-
corded on a scale from 0 to 1 and had
a logit-link function (SAS Institute
2004). The fixed and random effects in
the model were as described above.

Fixed effects in the model were tested using the
approximate F-tests of this procedure, and the random
effect was tested with the variance component ap-
proach (Littell et al. 2006). The percentage of variation
explained by each of the nested factors relative to the
total variation was estimated by dividing the variance
component of the nested factor by the total variance
(sites within reefs + samples within sites and reefs +
residual variance). The least squares differences test
(LSD test; Sokal & Rohlf 1995) was applied to perform
post-hoc means comparisons for significant effects.

Cluster analyses were conducted to classify the
studied reefs in relation to physicochemical and eco-
logical variables (Ward's method, JMP software; Sall
& Lehman 1996). The physicochemical variables in-
cluded nutrient concentrations, TPM, POM, chl a,
temperature, and current speed. The ecological vari-
ables encompassed substrate cover data (live and
dead coral, sponges, algae turfs, coralline algae, and
macrophytes) and sea urchin and parrotfish biomass.
The Ward method estimates the contribution of the
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variables to each cluster by computing the squared
distance between each cluster's (class) center of
gravity and the overall center of gravity (the origin)
(Sall & Lehman 1996).

Pearson's correlation coefficients were used to
determine the relation between bioerosion rates and
environmental variables indicative of eutrophication
(chl a, total particulate matter, and particulate or-
ganic matter), as well as the relation between the rel-
ative contribution of each agent to macrobioerosion
and substrate cover (live coral, sponges, algae turfs,
calcareous algae Halimeda, coralline algae, and
macrophytes) and the biomass of parrotfishes and
sea urchins. The relations between bioerosion rates
and environmental variables were also investigated
with linear regression analysis (JMP software; Sall &
Lehman 1996).

Canonical correspondence analysis (CCA) was
used to evaluate the influence of the type of man-
agement (fished vs. unfished), herbivore composi-
tion (sea-urchins and parrotfishes biomass), and
water quality variables (TPM, POM, and chl a) on
macroborer relative abundances and bioerosion
rates. Each quantitative predictor variable was re-

presented by a vector on the CCA plot, with the
vector's length showing its relative importance for
the composition of macroboring communities and
bioerosion rates, while the location of a reef or
response variable on the plot indicates its environ-
mental preferences (ter Braak & Verdonschot 1995).
CCA was performed with Canoco version 4.5 soft-
ware (Wageningen).

RESULTS
Characterization of study sites
Physicochemical variables

Nutrient concentrations on the studied reefs were
strongly influenced by season, as indicated by a sig-
nificant effect of season or a significant interaction
between reefs and seasons for the measured para-
meters, except for phosphate concentration and sea-
water temperature (Tables 1 & 2). Among these, chl a
showed the strongest seasonal variability for all reefs
studied, with minimum values during the northeast

Table 2. Nested ANOVA of inorganic nutrients, chlorophyll g, total particulate matter, and particulate organic matter concen-

trations, temperature, and current speed on different reefs and in different seasons (northeast [NEM] and southeast monsoon

[SEM]). Least-squares differences pair-wise test (LSD) on mean differences among reefs within each season. Means sharing

the same letter are not statistically different. For random effects, the variance components are reported, while for fixed effects,
the F-ratios and their probabilities are reported. df: ordinary least-squares degrees of freedom

Variable Effect df Variance P Pair-wise differences (LSD test)
component Reef NEM SEM

Nitrate + Nitrite Malindi a a,d
Watamu a a,b
Reefs Fixed 7 1.16 0.3324 Mombasa a b,c
Seasons Fixed 1 13.22 0.0005 Kisite a b,d
Reefs x Seasons Fixed 7 1.97 0.0601 Ras Iwatine a a,c

Site (Reef) Random 0.001 Mpunguti a a
Residual Random 0.008 Kanamai a a,b
Diani a a,c

Ammonia Malindi b,c a
Watamu a,c b,c

Reefs Fixed 7 0.75 0.6320 Mombasa a [¢
Seasons Fixed 1 20.88 <0.0001 Kisite a,c a,b
Reefs x Seasons Fixed 7 3.03 0.0071 Ras Iwatine a,c b,c
Site (Reef) Random 0 Mpunguti a,c b,c
Residual Random 0.886 Kanamai a,c b,c
Diani a,c b,c
Phosphate Malindi a,c a,c
Watamu b,c b,c

Reefs Fixed 7 2.10 0.0534 Mombasa a b
Seasons Fixed 1 1.60 0.2103 Kisite b,c b,c
Reefs x Seasons Fixed 7 1.29 0.2666 Ras Iwatine a,c a,c

Site (Reef) Random Mpunguti b b

Residual Random 0 Kanamai a a

0.005 Diani b b
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Table 2 (continued)
Variable Effect df Variance F P Pair-wise differences (LSD test)
component Reef NEM SEM
Chlorophyll a Malindi a a
Watamu a a
Reefs Fixed 7 2.03 0.0542 Mombasa a a,b
Seasons Fixed 1 89.74 <0.0001 Kisite a b
Reefs x Seasons Fixed 7 1.73 0.1712 Ras Iwatine a a
Site (Reef) Random 0 Mpunguti a b
Residual Random 0.004 Kanamai a a
Diani a b
Total particulate matter Malindi a a
Watamu a a
Reefs Fixed 7 1.20 0.2998 Mombasa a a
Seasons Fixed 1 60.85 <0.0001 Kisite a a
Reefs x Seasons Fixed 7 1.43 0.1916 Ras Iwatine a a
Site (Reef) Random 0 Mpunguti a a
Residual Random 13.23 Kanamai a a
Diani a a
Particulate organic matter Malindi a a,c
Watamu b b
Reefs Fixed 7 Mombasa b b
Seasons Fixed 1 Kisite b b
Reefs x Seasons Fixed 7 Ras Iwatine b b
Site (Reef) Random 0 Mpunguti b b,c
Residual Random 0.021 Kanamai a b
Diani b b,c
Temperature Malindi a a
Watamu a a
Reefs Fixed 7 2.35 0.0239 Mombasa a a
Seasons Fixed 1 2.86 0.0922 Kisite a a
Reefs x Seasons Fixed 7 0.81 0.5285 Ras Iwatine a b
Residual Random 1.739 Kanamai a a
Diani a a
Current speed Malindi c, a
Watamu a,c a,d
Reefs Fixed 7 2.61 0.0149 Mombasa a a,c
Seasons Fixed 1 0.03 0.8532 Kisite a cd
Reefs x Seasons Fixed 6 2.30 0.0381 Ras Iwatine a,c a,c
Site (Reef) Random 0.7340 Mpunguti a,c a,d
Residual Random 5.4729 Kanamai b b,c
Diani a a,c

monsoon and maximum values during the southeast
monsoon.

The cluster analysis performed to compare reefs by
their physicochemical variables revealed 2 major
clusters and several subclusters (Fig. 3a). Within the
first major cluster, the Diani and Kisite MNPs had low
concentrations of most chemical variables measured,
in particular, low levels of phosphate, particulate or-
ganic matter, and chl a (Tables 1 & 2). The exception
was high nitrate + nitrite concentrations in Kisite
MNP during the southeast monsoon. The Watamu
and Mombasa MNPs and Mpunguti Reserve were
distinguished within this first cluster by displaying in-
termediate concentrations of nutrients. Within this
group, Mombasa MNP and Mpunguti were most sim-

ilar, with similar values of most variables, except for
higher concentrations of nitrate + nitrite during the
southeast monsoon and phosphate during the north-
east monsoon in Mombasa MNP. Watamu MNP was
distinguished among these reefs by higher concen-
trations of chl a during the southeast monsoon. Ma-
lindi MNP differed from other reefs within this first
cluster by having high levels for most chemical vari-
ables measured, in particular, high levels of ammonia
and particulate organic matter during the northeast
monsoon. Kanamai and Ras Iwatine formed the sec-
ond cluster. These reefs were dissimilar from those
forming the first cluster due to higher water tempera-
ture and lower current speed in addition to high
levels of most chemical variables measured.
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Fig. 3. Cluster analysis of the study sites for (a) physico-
chemical and (b) ecological variables, using the Ward
method (Euclidean distance of standardized variables).

Cluster analysis comparing the studied reefs by
their ecological variables revealed 2 major clusters
(Fig. 3b). These clusters were, however, quite differ-
ent from the clusters based on physicochemical vari-
ables. The first cluster was composed of 3 MNPs
(Watamu, Kisite, and Malindi) characterized by high
numbers of herbivorous fishes, high substrate com-
plexity (rugosity), and low biomass of sea urchins
(Table 3). Within this cluster, Malindi MNP was dis-
tinguished from other reefs by a higher cover of
coralline algae, lower cover of turf algae, and higher
parrotfish biomass.

Several small sub-clusters formed the second major
cluster group. Within this group, Kanamai and Diani
were most similar. Both reefs experience heavy fish-
ing pressure and were characterized by low biomass
of herbivorous fishes and high biomass of sea urchins
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(Table 3). Mombasa is a marine park with high coral
cover and high fish biomass, but it had intermediate
biomass of sea urchins. Ras Iwatine Reserve had
lower cover of live coral, higher cover of fleshy algae,
and lower fish biomass but had a similar benthic
cover of other taxa to Mombasa. Mpunguti Reserve
was distinguished by having higher cover of soft
coral and higher biomass of sea urchins than the
other reefs.

Macrobioerosion

Macroborer composition and
macrobioerosion rates

Macroborers were present in live corals (our con-
trol samples) at very low abundances, with only one
coral disc observed with 0.5% of the total area bored
by a clionaid sponge. In dead coral branches, 3
groups of boring macroorganisms accounted for most
of the bioerosion: boring sponges (mostly Cliona spp.
and Aka spp.), bivalves (Lithophaga spp.), and endo-
lithic sipunculid and polychaete worms. Boring ver-
metids (gastropod mollusks) were also present in the
bioeroding fauna but at very low abundances.

Four years after coral death, the macrobioerosion
was mainly due to worms (sipunculids and poly-
chaetes, > 60 % area of occupancy of coral discs) on
all reefs except for the Malindi and Watamu MNPs,
where the contribution of bivalves and sponges to
macrobioerosion was greater than that of worms (66
and 52 % respectively; Fig. 4a). The relative contri-
bution of worms to macrobioerosion was signifi-
cantly higher in Diani, Kanamai, and Mpunguti (65
to 70 % area of occupancy of coral discs) than in the
Malindi and Watamu MNPs (35 to 47% area of
occupancy) and was intermediate on the other reefs
(Table 4).

After 6 yr of exposure, worms were still the main
agents of macrobioerosion at Diani, Kanamai, and
Mpunguti (>54 % relative area of occupancy of coral
discs; Fig. 4b). On all other reefs, the relative contri-
bution of sponges to macrobioerosion increased with
time of exposure, and sponges became the main
agent of macrobioerosion 6 yr after the death of the
corals (Table 4, Fig. 4). The contribution of sponges to
macrobioerosion was higher in the Malindi, Watamu,
and Mombasa MNPs (66 to 75%) than in Diani,
Kanamai, and Mpunguti (33 to 44 %). The relative
contribution of bivalves to macrobioerosion was gen-
erally low (0 to 10%) and not significantly different
between reefs or times of exposure (Table 4).

a 4years
Unfished reefs

Fished reefs

Mal Wat Mom Kis Ras Mpu Kan Dia

b 6 years
1004

Relative contribution (%)

80 4

60 -

40

20 ~

0+

Mal Wat Mom Kis

Ras Mpu Kan Dia

Fig. 4. Proportional contribution (%) of the different groups
of boring macroorganisms (worms, H; bivalves, O; sponges,
H) to macrobioerosion at 8 coral reefs along the Kenyan
coast, (a) 4 yr and (b) 6 yr after the death of the corals. Mal:
Malindi; Wat: Watamu; Mom: Mombasa; Kis: Kisite; Ras: Ras
Iwatine; Mpu: Mpunguti; Kan: Kanamai; Dia: Diani

Examination of the variance components for the
relative contribution of different macroboring groups
to total bioerosion indicated that 30 to 36% of the
total variance in the random terms for worms and
sponges was due to differences at sites within reefs
and inter-colony differences (coral branches) and 25
to 26 % was due to intra-colony differences (replicate
discs) (Table 4). Most of the variance of random terms
of the bivalves' relative contribution was centered at
the inter-colony level (84 %) and less at the intra-
colony level (14 %).

Cumulative rates of macrobioerosion (measured af-
ter 4 and 6 yr; g CaCO; m?) were significantly differ-
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Table 4. Nested ANOVA mixed model of logit-transformed proportional contributions (%) of different groups of boring organ-

isms (worms, bivalves, and sponges) to macrobioerosion at 8 coral reefs along the Kenyan coast 4 and 6 yr after coral death.

Least squares differences pair-wise test (LSD) on mean differences among reefs 4 and 6 yr after coral death. Means sharing the

same letter are not statistically different. For random effects, the variance components are reported, while for fixed effects,
the F-ratios and their probabilities are reported. df: ordinary least of squares degrees of freedom

Variable Effect df Variance F P Pair-wise differences (LSD test)
component Reefs 4vyr 6 yr
Worms Malindi a a
Reefs Fixed 7 8.4 <0.0001 Watamu a,c a,c
Time Fixed 1 29.1 <0.0001 Mombasa b,c a,c
Reef x Time Fixed 7 0.82 0.5707 Kisite b,c [

. Ras Iwatine b,c c
Sites (Reefs) . Random 0.4188 Mpunguti b b
Coral branches (Reef sites) Random 0.3663 Kanamai b b
Coral discs (Coral branches) Random 0.4211 Diani b b
Bivalves Malindi a a
Reefs Fixed 7 0.58 0.7685 Watamu a a
Time Fixed 1 0.00 0.9938 Mombasa a a
Reef x Time Fixed 7 0.37 0.9175 Kisite a a

Ras Iwatine a a
Sites (Reefs) Random 0.01811 Mpunguti a a
Coral branches (Reef sites) Random 1.3099 Kanamai a a
Coral discs (Coral branches) Random 0.2232 Diani a a
Sponges Malindi a a
Reefs Fixed 7 810  <0.0001 Watamu a ad
Time Fixed 1 3544 <0.0001 Mombasa b a
Reef x Time Fixed 7 102 0.4147 Kisite b bd

Ras Iwatine b b,d
Sites (Reefs) Random 0.5285 Mpunguti b b,c
Coral branches (Reef sites) Random 0.5378 Kanamai b ¢
Coral discs (Coral branches) Random 0.4097 Diani b c

ent between reefs and times of exposure, whereas
yearly macrobioerosion rates (g CaCO; m™2 yr 1)
were significantly different among reefs but did not
change significantly over time (Table 5). The LSD
means comparisons showed 2 groups of reefs for cu-
mulative macrobioerosion and yearly macrobioero-
sion rate measurements (Fig. 5). One group of reefs
comprised the Malindi, Watamu, and Mombasa
MNPs, Ras Iwatine Reserve and Kanamai reef, where
macrobioerosion was highest (mean + SE: 785 + 96 to
1135 + 118 g CaCO3; m™2 4 yr after coral death and
1402 + 163 to 2149 + 439 g CaCO; m~2 6 yr after coral
death; Appendix 1). The other group included Kisite
MNP, Mpunguti Reserve, and Diani reef, where mac-
robioerosion rates were lowest (634 + 91 t0 719+ 74 g
CaCO; m™ 4 yr after coral death and 837 + 111 to
1064 + 66 g CaCO5; m™2 6 yr after coral death). Cumu-
lative bioerosion significantly increased over time in
the Watamu and Mombasa MNPs, Mupuguti Re-
serve, and Kanamai reef (LSD p < 0.05; Table 5).
Cumulative boring rates by worms and sponges
were not constant through time on different reefs, as
indicated by the significant Reef x Time interactions

(Table 5). After 4 yr of exposure, boring rates by
worms were ~1.4- to 3-fold higher at Diani, Kanamai,
and Ras Iwatine than on all other reefs (Fig. 6a,
Appendix 1). After 6 yr since the coral death, boring
rates by worms were 1.5- to 2-fold higher in Kana-
mai, Ras Iwatine, and Mombasa MNP than in Diani,
Mpunguti, and Kisite and 2.5- to 3-fold higher than in
the Malindi and Watamu MNPs (Fig. 6b). Boring by
worms increased significantly over time in the Kisite
and Mombasa MNPs and the Mpunguti and Ras
Iwatine Reserves. Sponge boring rates, after 4 yr of
exposure, were ~2- to 4-fold higher in Ras Iwatine
Reserve and the Malindi and Mombasa MNPs when
compared with Mpunguti Reserve and Kanamai and
Diani reefs. After 6 yr, maximum sponge boring rates
were recorded in the Malindi and Watamu MNPs,
with rates 1.3- to 6-fold higher than at the other reefs.
Although boring by sponges tended to increase over
time on most reefs, this increase was statistically sig-
nificant only for Diani and Watamu MNP.

Rates of bioerosion by bivalves were low on all
reefs (Fig. 6a,b) and exhibited no significant differ-
ences between reefs or times of exposure (Table 5).
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Table 5. Nested ANOVA mixed model of log(x + 0.01) transformed rates of yearly rates of macroboring (g CaCO; m~2 yr!),

cumulative rates of boring by all macroborers combined and cumulative boring rates (g CaCO3; m~?) by individual groups of

boring macroorganisms (worms, mollusks, and sponges) at 8 coral reefs along the Kenyan coast 4 and 6 yr after coral death.

Least squares differences pair-wise test (LSD) on means differences among reefs 4 and 6 yr after coral death. Means sharing

the same letter are not statistically different. For random effects, the variance components are reported, while for fixed effects,
the F-ratios and their probabilities are reported. df: ordinary least of squares degrees of freedom

Variable Effect df Variance F P Pair-wise differences (LSD test)

component Reefs 4vyr 6 yr
Yearly bioerosion rates Malindi b b
Reefs Fixed 7 7.29 <0.0001 Watamu b b
Time Fixed 1 0.16 0.6899 Mombasa b b
Reef x Time Fixed 7 1.56 0.1446 Kisite a a
. Ras Iwatine b b
Sites (Reefs) . Random 0.01150 Mpunguti a a
Coral b.ranches (Reef sites) Random 0.006430 Kanamai b b
Coral discs (Coral branches) Random 0.1210 Diani a a
Cumulative bioerosion Malindi b b
Reefs Fixed 7 7.29 <0.0001 Watamu b b
Time Fixed 1 37.08 <0.0001 Mombasa b b
Reef x Time Fixed 7 1.56 0.1446 Kisite a a
. Ras Iwatine b b
Sites (Reefs) 4 Random 0.01150 Mpunguti a a
Coral b.ranches (Reef sites) Random 0.006430 Kanamai b b
Coral discs (Coral branches) Random 0.1210 Diani a a
Worm boring rates Malindi c c
Reefs Fixed 7 12.7 <0.0001 Watamu b c
Time Fixed 1 28.4 <0.0001 Mombasa c b
Reef x Time Fixed 7 1031 <0.0001 Kisite b,c a
. Ras Iwatine a b
Sites (Reefs) Random 0.0038 Mpunguti b,c a
Coral branches (Reef sites) Random 0.0283 Kanamai a b
Coral discs (Coral branches) Random 0.1695 Diani a a
Bivalve boring rates Malindi a a
Reefs Fixed 7 1.98 0.2138 Watamu a a
Time Fixed 1 0.05 0.8321 Mombasa a a
Reef x Time Fixed 7 1.58 0.1391 Kisite a a
. Ras Iwatine a a
Sites (Reefs) Random 0.0015 Mpunguti a a
Coral branches (Reef sites) Random 0.0061 Kanamai a a
Coral discs (Coral branches) 0.6832 Diani a a
Sponge boring rates Malindi b ¢
Reefs Fixed 7 9.55  <0.0001 Watamu cd c
Time Fixed 1 0.56 0.4643 Mombasa b a

Reef x Time Fixed 7 460  <0.0001 Kisite d ab

Ras Iwatine b,c a,b
Sites (Reefs) Random 0.3030 Mpunguti a b
Coral branches (Reef sites) Random 0.1711 Kanamai ad a
Coral discs (Coral branches) Random 1.2091 Diani a a

An estimation of the variance components for total
macrobioerosion rates and bioerosion rates by the
different groups of borers indicated that 72 to 99 % of
the total variance of the random terms was due to dif-
ferences at the intra-colony level, 0.9 to 14 % was due
to differences at the inter-colony level, and 0.2 to
18% was due to differences between sites within
reefs (Table 5).

Relationships between macroborers,
water quality, and ecological variables

Total macrobioerosion rates increased linearly with
increasing concentrations of chl a on the 8 reefs stud-
ied, with a 1.6- to 2-fold increase in macrobioerosion
along the observed chl a gradient from 0.26 to
0.45 ng 1%, 4 and 6 yr after coral death (r = 0.74, p =
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algal turf cover and higher sea urchin
biomass.

The relative contribution of sponges
to macrobioerosion followed an inverse
trend to that observed for worms.
Sponge contribution was higher in
reefs with denser calcareous and en-
crusting coralline alga cover, larger 3-
dimensional complexity (rugosity), and
higher biomass of scarid fishes but was
lower on reefs with denser algal turf
cover and higher sea-urchin biomass.
The proportional contribution of bi-
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Dia valves to macrobioerosion could not be
correlated with any of the measured
ecological variables.

The relative influences of ecological
and water quality variables on macro-
borer groups and bioerosion rates are
best depicted in the canonical corre-
spondence analysis (Fig. 8). The first 2
canonical axes accounted for 54 % and
30% of the total variability, respec-
tively. The analysis clearly separated
macroborer groups and bioerosion
rates according to reef management
(fished and wunfished reefs), with
worms dominating bioeroding com-
munities in fished reefs and sponges
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300+
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100-
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Mal
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Abbreviations as in Fig. 4

0.03 after 4 yr of coral death and r = 0.83, p = 0.01
after 6 yr of coral death, Fig. 7a). Sponge bioerosion
rates also increased linearly with chl a, with a 5-fold
increase along the chl a gradient 6 yr after coral
death (r = 0.73, p = 0.04; Fig. 7b). Total macrobioero-
sion and sponge boring rates were, however, not cor-
related to the TPM or POM concentration (r < 0.53,
p > 0.05). Worm and bivalve boring rates were not
significantly correlated to any of the measured envi-
ronmental variables (r < 0.68, p > 0.05).

The relative contribution of different macroboring
groups to macrobioerosion showed a strong relation-
ship with the ecological condition of the reefs
(Table 6). The contribution of worms to macrobioero-
sion was lower on reefs with denser calcareous and
encrusting coralline alga cover, lower 3-dimensional
complexity (rugosity) of reefs, and higher biomass of
scarid fishes and was higher in reefs with denser

Mpu Kan

Fig. 5. (a) Total cumulative macrobioerosion rates (mean + SE, g CaCO; m™2)
and (b) yearly total macrobioerosion rates (mean + SE, g CaCO; m~2 yr!) at 8
coral reefs along the Kenyan coast, 4 and 6 yr after the death of the corals.

' Dia dominating communities in unfished

reefs. The relative abundance of
worms was primarily related to sea
urchin biomass, whereas sponge rela-
tive abundance was related to the bio-
mass of parrotfishes. Total bioerosion
rates and bioerosion rates by sponges were primarily
influenced by chl a concentrations in reef waters, in
particular, the rates measured 6 yr after coral death.
Sponge bioerosion rates 4 yr after coral death were
moderately influenced by TPM concentrations. POM
did not greatly influence bioerosion rates or macro-
borer community composition.

DISCUSSION

The present study took advantage of an event of
coral mass mortality that made it possible to pinpoint
the exact month that the colonies of branching Porites
died (McClanahan et al. 2001). Branching Porites is a
ubiquitous coral group in Kenya, common at all of our
study sites and present across various environmental
conditions, which allowed the evaluation of spatial
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Fig. 7. Linear regressions of (a) total cumulative macrobio-

erosion rates (BR, gCaCO;3; m~2), 4 (¢) and 6 yr (M) after coral

death, and (b) bioerosion rates by sponges 4 yr after coral

death versus chlorophyll a concentrations at 8 coral reefs
along the Kenyan coast

lected in Kanamai, a reef experiencing high levels of
inorganic nutrients and particulate organic matter,
which suggests that macrobioerosion is mainly estab-
lished after death for branching Porites in Kenya.
These findings contrast with studies on the GBR and
in Indonesia, where boring lithophagid bivalves and
sponges were present in living massive corals in den-
sities increasing with eutrophication (Sammarco &
Risk 1990, Holmes et al. 2000). The low abundance of
lithophagid bivalves found in corals in Kenya may in
part explain these contrasting findings. An alternative
explanation is a low susceptibility of branching
Porites corals to sponge and bivalve larvae settle-
ment. A study of the colonization abilities of Cliona
orentalis in the central GBR detected effective de-
fense reactions of the branching corals P. cylindrica
and P. rus against grafted sponge tissue (Schonberg &
Wilkinson 2001). The potential for a defense reaction
by branching Porites against macroboring organism
larvae requires further investigation.

Bioerosion and the composition of macroborers
changed over space and time in dead coral skeletons.
Six years after the death of these corals, worms (poly-
chaetes and sipunculids) were the main agent of bio-
erosion on reefs with lower abundance of calcareous
and encrusting coralline algae, less structural com-
plexity, and higher biomass of sea urchins. These
were the heavily fished reefs, where experiments
with grazers have shown that sea urchins reduce the
cover of coralline algae (O'Leary & McClanahan
2010). Mature macrobioeroding communities domi-
nated by sponges, in contrast, prevailed in unfished
marine parks, and these findings indicate that fish-
eries management and the abundance of fishes and
sea urchins can play an important role in the commu-
nity structure of macroborers.

The influence of grazing pressure on macroborer
species composition and succession has been well
studied in the GBR and found to keep macroborer
communities in an early successional state (Sam-
marco et al. 1987, Kiene & Hutchings 1994, Risk et al.
1995, Tribollet & Golubic 2005). Newly exposed
substratum is colonized by pioneer borers, such as
polychaetes and sipunculids, while larger and slower
colonizing macroborers, such as bivalves and spon-
ges, are initially uncommon. Fishes were the main
grazers in the GBR studies, whereas sea urchins
were the dominant grazers on fished Kenyan reefs
and affected macroborer species composition more
strongly than fishes. The more localized and intense
grazing of sea urchins (Bak 1990, Chazottes et al.
1995, Reaka-Kudla et al. 1996, Carreiro-Silva &
McClanahan 2001) can reduce coralline algal cover
(O'Leary & McClanahan 2010) and is associated with
reduced reef topographic complexity (McClanahan
& Shafir 1990). Early macroborer settlers are ex-
tremely vulnerable to grazers that feed on epilithic
and endolithic algae (Hutchings et al. 1992, 2005).
Progressively, as these macroborers grow and pene-
trate deeper into the substrate, they become less
susceptible to grazing.

A full ecological succession of macroborers from
worm- to sponge-dominated communities was only
observed in the Mombasa and Kisite MNPs and Ras
Iwatine Reserve, where sea-urchin biomass was low
and water quality was moderate. In the Malindi and
Watamu MNPs, sponges dominated macroborer
communities after 4 yr of exposure. On these 2 reefs,
high concentrations of chl a and POM may have
accelerated the succession of the macroborer com-
munity, leading to sponge dominance earlier than on
the other reefs. Several studies have shown increases
in the abundance of filter- and detritus-feeding
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macroborers in organically polluted waters (Risk &
McGeachy 1978, Tribollet et al. 2002, Tribollet & Gol-
ubic 2005). Among the different macroborer taxa,
clionaid sponges respond most strongly to the nutri-
ent and organic matter content of reef waters (Rose &
Risk 1985, Holmes 2000, Ward-Paige et al. 20095).

In the present study, total macrobioerosion rates
were positively correlated with the concentrations of
chl a in reef waters and thus with the planktonic pro-
ductivity in different reefs. The highest rates were
recorded in the Watamu and Malindi MNPs, where
sponges accounted for 80 % of the total macroboring.
Boring rates by sponges did not, however, show any
significant correlation with POM, even though bio-
erosion rates were highest on the reefs with high lev-
els of POM (e.g. Malindi, Watamu, and Kanamai).
Increased plankton productivity and POM directly

benefit bioeroders by increasing their food supply
(Birkeland 1988). Nevertheless, boring rates by bi-
valves and worms were not significantly related with
any water quality variables, suggesting that sponges
were more sensitive to changes in water quality.

The strong relation between total macrobioerosion
and the trophic condition of a given reef agrees with
previous studies examining bioerosion in living mas-
sive Porites and coral rubble in Indonesia and the
GBR (Edinger et al. 2000, Holmes et al. 2000, Le
Grand & Fabricius 2011). Macrobioerosion rates
recorded on our most eutrophic reefs after 4 yr were
comparable to rates found in coral blocks exposed for
3 to 4 yr in inshore areas of the GBR (Tribollet & Gol-
ubic 2005, Osorno et al. 2005).

Algal cover has also been suggested to influence
macrobierosion. Increased cover of macroalgae and
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crustose corallines in high nutrient areas were sug-
gested to protect the underlying substrates and
reduce macrobioerosion rates at Reunion Island
(Indian Ocean) (Chazottes et al. 2002). In Kenya,
however, the highest macrobioerosion and sponge
boring rates were recorded on reefs with high
coralline and macroalgae cover. Discrepancies be-
tween these studies could be related to the time of
exposure of the substrate (1 yrin Reunion Island vs. 4
to 6 yr in Kenya) and composition of the boring com-
munity. At Reunion Island, only boring worms were
present in the experimental blocks, whereas in our
study, the boring communities were dominated by
sponges.

Annual rates of erosion were not constant over time
in the present study, similar to previous results using
experimental blocks on the GBR (Kiene & Hutchings
1994, Tribollet & Golubic 2005) and natural sub-
strates in Belize (Lescinsky et al. 2008). It is likely
that space becomes limiting and macrobioerosion
proceeds at a lower rate as substratum is increasingly
bored. Similar patterns have been observed for
microbioerosion processes on dead coral, suggesting
that bioerosion rates do not increase linearly but
probably level off over time (Tribollet & Golubic
2005, Tribollet 2008).

Branching corals may be more susceptible to
weakening and breakage than massive corals and
coral blocks, which could potentially lead to under-
estimations of bioerosion rates. However, the esti-
mates reported here were comparable to values
reported for coral blocks (e.g. Tribollet & Golubic
2005, Osorno et al. 2005). The use of natural sub-
strates to quantify bioerosion rates requires frequent
visits to the sites to eliminate the possibility of sam-
pling corals that died at different times, which
would affect findings for macrobioerosion rates.
Despite these limitations, the present work and a
previous study in Belize (Lescinsky 2004, Lescinsky
et al. 2008) indicate that natural disturbance experi-
ments are a useful alternative to the experimental
blocks frequently used to estimate rates of bioero-
sion. The approach used here may become increas-
ingly important to evaluate the effects of coral
bleaching and mortality on the processes of reef
growth.

Macroborers as indicators of eutrophication
The management of coral reef ecosystems requires

suitable biological indicators of water quality
(Cooper et al. 2009). The specificity of the biological

response to the stressor of interest and the variability
or consistency of the response at a range of spatial
and temporal scales are important criteria to judge
the suitability of bioindicators (Cooper et al. 2009).
Consistent responses of macroborers to eutrophica-
tion in many regions improve their value as bioindi-
cators for comparisons across regions, such as the
GBR (Sammarco & Risk 1990, Risk et al. 1995, Tribol-
let et al. 2002, Tribollet & Golubic 2005, Le Grand
and Fabricius 2011), Caribbean (Rose & Risk 1985,
Holmes 2000, Ward-Paige et al. 2005), Eastern
Pacific (Fonseca et al. 2006), Indonesia (Edinger et al.
2000, Holmes et al. 2000), and the Western Indian
Ocean (the present study). The present study de-
monstrates that macrobioerosion rates responded
strongly to water quality, but the community of mac-
roborers can change with the type of grazers on the
reef. Sponges were more sensitive to changes in
water quality than worms or bivalves, but sponge
boring rates were significantly related to water qual-
ity changes only 6 yr after coral death. Consequently,
the dominant bioeroder groups can reflect the inter-
action between water quality and fisheries status,
and therefore, total macrobioerosion maybe a more
appropriate indicator than selecting a particular
group of bioeroders.

One limitation is that macroborers are often slow to
respond to changes in water quality, and differences
between reefs may take several years to be detected
(Kiene & Hutchings 1992, 1994, Pari et al. 1998, Cha-
zottes et al. 2002, Tribollet & Golubic 2005), as exem-
plified by the observed changes over the 4 and 6 yr
intervals in this study. Therefore, macroborers may
be more appropriate for long- than short-term moni-
toring (Cooper et al. 2008, 2009).

Ecological research has demonstrated the effec-
tiveness of Kenyan MPAs for increasing the abun-
dance and diversity of finfish and controlling sea-
urchin populations, with resulting benefits for
calcification and reef framework complexity (Mc-
Clanahan & Arthur 2001, O'Leary & McClanahan
2010). The present study shows that some of the old-
est marine parks have the highest bioerosion rates,
which are influenced by eutrophication and human
influences outside the direct control of marine and
fishery management. Intensive erosion of carbonates
has the potential to undermine reef growth and
diminish reef structure over time. Reducing pollu-
tion, the influence of run-off, drainage of highlands
and wetlands, and other sources of non-point pollu-
tion and land development in coastal areas can thus
help to preserve the ecology and ecosystem services
provided by coral reefs.
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Appendix 1. Bioerosion rates (g CaCO; m™2, mean + SE) by boring macroorganisms (sponges, bivalves, and worms) and by
all macroboring agents combined of coral branches exposed for 4 and 6 yr in 8 coral reef lagoons in Kenya, Eastern Africa

Reefs Sponges Bivalves Worms Total
4 yr 6 yr 4 yr 6 yr 4vyr 6 yr 4yr 6 yr

Unfished reefs (marine protected areas)

Malindi 875+ 128 983 + 160 81 +128 82+40 173 +28 337 +55 1135+ 118 1402 + 163

Watamu 501 +£89 1916 + 458 42 +42 17 + 13 242 +24 211 +41 785+96 2149 + 439

Mombasa 644 + 141 467 =101 63 +43 15259 183 +38 794 x 125 896 + 155 1413 + 137

Kisite 440 +22 438+ 94 22+86 161+ 112 208 £36 465 +89 666 +90 1064 + 170

Fished reeis

Ras Iwatine 643 +86 779 =221 56 + 27 54 + 32 356 +36 698 + 95 1084 + 111 1516 + 277

Mpunguti 236 56 297 £ 102 38+38 169+ 122 261 £63 371 + 56 534 +91 837 + 156

Kanamai 382+95 733 +200 0 93 + 62 508 + 74 734 +£120 891 + 97 1560 + 205

Diani 256 59 577 + 148 84 + 26 39+24 379 +47 412+ 60 719+ 74 1028 + 159
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