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Supplementary Materials: 

Tables S1-4 

References (37-42) 
 
Materials and Methods 

Our investigations of both corals and fishes were conducted on reefs associated 
with the villages of Votua, Namada, and Vatu-o-lailai along the Coral Coast of Viti Levu, 
Fiji (Fig. S1).   Each village has a no-take marine protected area (MPA) with high coral 
(38-56%) and low macrophyte (0.8-2.4%) cover on hard substrate immediately adjacent 
to non-protected, fished reefs (non-MPA) that have low coral (4-16%) and high 
macrophyte (49-91%) cover on hard substrate(9).  In 2004, shortly after MPA 
establishment and a significant coral bleaching event, coral cover was low in all areas (6-
7%), did not differ significantly between MPA and non-MPA areas, and macrophyte 
cover varied from ~35-45% across all areas. Currently, biomass of herbivorous fishes is 
6.6-16.2 fold greater in MPAs than in adjacent fished areas and grazing rates are high on 
macroalgae moved from non-MPAs into MPA areas(9).  The three villages are spread 
along an 11Km stretch of coast line, the paired MPA and non-MPA areas we sampled are 
separated by ~300-900m, and physical conditions (depth, wave exposure, etc.) appear 
similar between MPA and adjacent areas (Fig. S1).  The three, spatially paired MPA and 
fished areas allow replicated contrasts of behavior in response to waters collected from 
healthy versus degraded reefs in close proximity and experiencing similar oceanographic 
conditions. Because these protected and fished areas differ more dramatically than many 
MPA versus non-MPA areas, these data may represent comparisons of healthy and 
degraded reefs rather than average MPA and non-MPA areas per se.  
 
Assays with coral larvae: 

To obtain coral planula, we used colonies of Acropora millepora, A. nasuta, and 
A. tenuis.  These are broadcast-spawning, simultaneous hermaphrodites with one 
gametogenic cycle per year.  Reproductive condition was assessed by breaking branches 
below the expectant sterile zones to expose the developing oocytes.  Four individual 
colonies of each of species containing mature pigmented oocytes were carefully 
dislodged from the reef using a hammer and chisel four days following the October full 
moon of 2012.  Colonies were transported from the reef to experimental holding pools 
each night for spawning and gamete collection.  Different species were maintained in 
separate stagnate 1,000L pools.  Each night before corals were brought into the 
laboratory, holding pools were filled with 5 µm filtered ocean water and complete water 
changes occurred each day to ensure highest water quality.  

Using previously established spawning procedures(37) gametes were collected, 
held in still 10L aquaria and left to fertilize for 2 h.  Once fertilization had been 
confirmed by examining a sample of embryos from each aquarium, the positively 
buoyant embryos were removed from the aquaria, taking as little water as possible.  
Embryos were transferred into new 10L still aquaria to “wash” the embryos of excess 
sperm.  This was repeated twice before embryos were placed in their rearing aquaria.  
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Rearing aquaria had no flow for the first 24 h, a steady drip for the next 24 h, and 
aeration was added after that.  The water surface was skimmed regularly to remove 
excess lipids and dead embryos.  Larvae were competent to settle when they elongated 
and displayed swimming and settlement behavior; this occurred approximately 6-7 days 
post fertilization.   

To assess the response of planula to waterborne chemical cues from different 
sources, individual planula were tested using an Atema choice flume (13cm x 4cm)(24).  
Briefly, pair-wise choice experiments were conducted, with coral planula choosing 
between water of different treatments flowing at equivalent volumes (100ml min-1) from 
two different sources.  Water was gravity fed into the choice flume, a coral planula was 
pipetted into the center of the flume at the downstream end where it could move to either 
side or swim toward the preferred water source.  A two-minute acclimation period was 
followed by a three-minute testing period where the position of the planula, on either the 
right or left side of the chamber, was recoded at five-second intervals.  At the conclusion 
of this, the planula was removed from the flume via pipette for one minute, during this 
time the water in the flume was flushed and the water sources were exchanged from one 
side to the other.  The test was then repeated, including the acclimation period, to ensure 
planula were displaying a preference for the chemical cues rather than one side of the 
chamber.  Flow rates were measured using a flow meter, and dye tests were conducted at 
each water change to ensure that the two channels exhibited parallel water flow, with no 
turbulence or eddies.  All planula were tested only once.  Kolmogorov-Smirnov tests 
evaluated differences in chemical preferences, assessing the time spent in one side of the 
flume when chemical cues were present compared to the time spent on one side of the 
flume when untreated filtered seawater water was tested against itself.  Although coral 
planula have limited swimming capabilities, they swam forward in the flume despite the 
100 ml min-1 flow rate.   

To evaluate potential side preferences in the flume and for statistical purposes, 
larvae of all coral species were tested in blank trials, where filtered seawater was tested 
against itself.  All species spent equal time in either side of the flume indicating that this 
was an appropriate apparatus for testing chemical preferences (p= 0.12), and that the 
planula exhibited no detectable side preference in the flume unrelated to the treatments.  

To determine if coral larvae could use chemical cues for reef assessment, planula 
were offered a choice between water collected from the marine protected area (MPA) 
compared to the non-protected area (non-MPA) from each village.  Because all three 
species we assessed showed indistinguishable levels of attraction to MPA vs non-MPA 
water and because planula of some species were limited, we used planula of A. tenuis 
alone to evaluate the effects of common benthic species in producing chemical cues that 
attracted or repelled planula. Trials conducted included: 1) MPA water versus MPA 
water treated (to add chemical cues) with the non-allelopathic brown alga Padina 
gymnospora(25); 2) MPA water versus MPA water treated with the non-allelopathic, but 
abundant, brown alga Sargassum polycystum(25); 3) MPA water compared to MPA 
water treated with the allelopathic red alga Galaxaura filamentosa(25), 4) water from the 
MPA versus water from the fished area treated with the settlement-inducing crustose 
coralline alga (CCA), Hydrolithon reinboldii(21), 5) MPA water versus MPA water 
treated with conspecific A. tenuis , 6) MPA water versus MPA water treated with a mix 
of five corals (Porites cylindrica, Pocillopora damicornis, Montipora digitata, Merulina 



 3 

scabricula, Acropora formosa), and 7) non-MPA water treated with CCA versus MPA 
water.  Chemical cues were created by soaking 20 g of each upright seaweed, 50g of 
CCA chips, or 100g of coral (different masses used to counter balance the differences in 
density) in 10L of the water source indicated above for 60 min. The mixed coral cue was 
created by soaking 20g of each coral species (i.e., 100g total, so that it was equal to the 
total cue concentration from the conspecific assay).  To ensure settlement competency of 
assay larvae, each day prior to chemical trials, 10 planula were placed in a 2 L aquarium 
for one hour with H. reinboldii chips, a minimum of 7 planula needed to settle for larvae 
to be deemed settlement competent.  Complete settlement (flattening along oral-aboral 
axis with clear radial messenterial subdivisions) was not observed during this short period 
but substantial modifications to larval behavior (larvae stopped swimming and remained 
in one spot on or near the CCA and began flattening along oral-aboral axis) occurred, and 
we deemed these larvae to be competent. All chemical preference trials were conducted 
on days 7-8 post-fertilization.  Analysis of each assay was by the Kolmogorov-Smirnov 
test. 

To test for the possibility that lipophilic molecules from macroalgal surfaces(25, 
26) were being transferred to surrounding substrata and that these could deter settlement 
of coral larvae upon contact, we conducted choice settlement assays using A. tenuis 
planula in 10L glass aquaria. Each aquarium held a pair of 2cm x 2cm ceramic tiles 
placed 5 cm apart.  Using underwater paper a grid was made on the bottom of each 
aquaria displaying a 20mm boundary around each tile.  Planulae were counted as settling 
on the tile if they were on it or within this 20 mm boundary near it.  Tiles were soaked 
over night in either control water (offshore water) or treatment water (water containing 
the chemical cues of each algal species made as described above).  Additionally, 
immediately prior to trails, treated tiles were brushed 5 times with the corresponding alga 
species, to mimic substrate in brushing contact with each seaweed species.  Control tiles 
were brushed with a plastic algal mimic.  Six replicate aquaria were set up for each algal 
species with an additional two aquaria testing the settlement competency of the planula 
using a control tile and a tile rubbed with CCA.  At the beginning of the trial, 10 coral 
planula were pipetted into each aquaria.  Each planula’s position was recorded at 2h, 6h, 
12h and 24h post-injection.  Corals were also recorded as either crawling or settled once 
they settled or metamorphosed. Analysis was by multi-factorial repeated measures 
ANOVA. 

To determine if our laboratory behavioral assays predicted recruitment patterns in the 
field, 18 2x2m plots were constructed in adjacent MPA and non-MPA locations at two 
villages (Votua and Namada) along Fiji’s coral coast. The first plot was randomly 
selected, and subsequent plots were added based on the initial plot location (6 rows of 3 
plots running parallel to shore, separated by 5m).  Using randomized selection half of the 
plots were cleared of macroalgae by hand and half were left in the natural state (each row 
contained at least one cleared and one natural plot).  Macroalgal removal plots were 
maintained bi-weekly initially; this was reduced to monthly once algal re-growth was 
determined to be slow.  Directly adjacent to 2 sets of cleared and natural plots in each 
MPA and non-MPA per village tile arrays mounted on PVC poles were cemented into the 
benthos.  Each tile array stood 50 cm off of the seafloor and contained 8-15x15 cm 
unglazed tiles (=16 unglazed surfaces) as potential coral settlement sites.  Tiles were 
arranged in pairs, with two pairs horizontal and two pairs parallel to the benthos, in an 
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effort to maximize recruitment onto arrays. Plots were initiated in March 2012 and 
maintained through the coral recruitment season, ending on April 2013.  Tile arrays were 
deployed in September and 2012 and deconstructed in March 2013 (after 6 months in the 
field) to look for coral recruitment on each tile. To determine recruitment to the natural 
benthos, each month during the week of the new moon we conducted nocturnal surveys 
to count coral recruitment in the plots using a UV filter and black light – juvenile corals 
fluoresce under black light and are easier to see reliably using this method(38).  Each 
individual plot was surveyed for 10 minutes, and a map was constructed of recruit 
locations in each plot to ensure that new recruits were differentiated from those mapped 
previously so we could accumulate an accurate cumulative total. Newly recruited corals 
were simply counted and not identified to species because we were not confident of our 
ability to visually identify larvae at this small size in the field.  Analyses of total 
settlement densities were by multi-factor ANOVA.  Because we experienced 
considerable settlement in some treatments and none in others, data distributions violate 
some assumptions of ANOVA.  However, this test accounts for the hierarchical approach 
of the design and for potential interaction between factors such as village (Votua or 
Namada), protection status (MPA or Non-MPA), and treatment (cleared or uncleared).  
Using this test potentially biases for detection of significant differences.  However, as no 
significant effect of clearing seaweeds or village location was detected, (village 
[F(1,72)=0.04; p=0.84]; clearing status [F(1,72)= 1.64 p=0.21]), but effects of protection 
status (MPA vs non-MPA) were highly significant (p<0.0001; Table 1), we felt justified 
in using this approach.  Additionally, ANOVA is robust to heteroscedasticity if the 
design is balanced(39).  Additionally, if we ran the non-parametric Mann-Whitney on 
density of settlers in MPA vs non-MPA, we also found protection status to be significant 
at p<0.0001.   

 
Assays with juvenile fishes: 

Newly settled recruits of coral reef fishes were collected from each of the three 
MPAs and non-MPAs using hand nets and clove oil, which does not affect the olfactory 
responses of juvenile fishes, when necessary.  We focused on new recruits (identified as 
new by both size and coloration) rather than larvae because we could collect a broader 
range of species for testing.  Light traps attracted primarily damselfishes and crest nets 
could not be used at these sites due to wave force.  Following collection, all fishes were 
held overnight in aerated aquariums filled with water from the collection location and 
tested the following day for preferences for chemical cues contained in water from MPAs 
versus non-MPAs or for waters treated with different reef organisms. As chemical stimuli 
can be important settlement cues for a variety of species, we collected recruits from a 
wide range of taxonomic and functional groups – including: 6 pomacentrids (Chromis 
viridis [mean + SE = 8.6 +0.34 mm], Chrysiptera biocellata [11.5 + 0.24mm], C. cyanea 
[11.5 + 0.23 mm], Dascyllus aruanus [10.1 + 0.23 mm], D. trimaculatus [11.7 + 0.15 
mm], and Pomacentrus spilotoceps [13.0 + 0.16 mm]), 2 cheatodontids (Chaetodon 
raffelsi [15.1 + 0.16 mm] and C. vagabundus [15.5 + 0.22 mm]), 2 acanthurids 
(Acanthurus triostegus [18.5 + 0.31 mm] and Ctenochaetus striatus [19.6 + 0.35 mm]), 1 
siganid (Siganus spinus [20.1 + 0.26 mm]), 3 labrids (Chlorurus sordidus [15.8 + 0.27 
mm], Halichoeres trimaculatus [15.9 + 0.19 mm], Scarus sp. [15.8 + 0.22 mm]), and 1 
apogonid (Apogon angustatus [15.5 + 0.91 mm]). 
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A two-channel Atema choice flume (13cm x 4cm) was used to assess preference 
of recent recruits for chemical cues in water from different locations, or water containing 
chemical cues from different benthic organisms(24).  Methods were as described above 
for coral larvae. Flow rates were set equal using a flow meter, and dye tests were 
conducted at each water change to ensure that the two channels exhibited parallel water 
flow, with no turbulence or eddies.   Twenty recruits per species were used for each trial 
from each of the six collection sites; individual recruits were never reused (i.e., all 
replicates were independent). 

Reef fishes rarely move more than a few meters to a few 100 meters from their 
initial settlement site(40), nearly 60% of recruits are consumed within 1-2 days of 
settlement(41), and post-settlement survival can be enhanced by high coral cover(42).  
These conditions should create strong selection for settlement in response to reliable cues 
of reef habitat quality.  We hypothesized coral reef fishes would favor areas with high 
coral cover and low seaweed cover (i.e., healthy versus degraded reefs), and coral species 
that were critical for producing topographic complexity and that are most at risk of being 
damaged when reefs degrade would produce the most reliable cues for a healthy reef, 
while seaweeds that commonly bloom as reefs degrade would be reliable cues of reefs to 
avoid.   

MPA and non-MPA water for our flume assays was collected during low tide 
from mid way through the water column at a depth greater than 1 meter at the degraded 
or healthy reef sections of each village.  Waters were used in flume assays within 12h of 
collection.  Offshore seawater was collected from 2 km offshore and used as a control to 
test for side bias when tested against itself (blank trial; n=20 individual fish per species 
per location; n=1800 when pooled).  Cues created to contain the chemical cues of specific 
corals or seaweeds were made by soaking 50g of coral or 10g of algae in 10L of seawater 
for 1h.  The organism was removed before olfactory preferences were tested.    

Because there were no significant differences in preference patterns of fishes 
collected from the multiple MPAs compared against each other, or of the non-MPAs 
compared against each other (Kolmogorov Smirnov test, p>0.10, see Table S4), recruits 
from within each habitat type were pooled by species.  Separate Kolmogorov-Smirnov 
tests were used to compare the proportion of time that individuals of a species spent in 
the water containing the focal chemical cue compared to the proportion of time spent on 
one side of the chamber when no cue was present (i.e. the blank trial).     

To assess patterns of natural recruitment at each of the 3 paired fished and MPA 
sites, we evaluated density of newly settled juveniles, species richness of newly settled 
juveniles, and density of predators that prey on recruits in 30 non-overlapping transects of 
30x2m located randomly at each site.  Transects were conducted during the annual 
recruitment pulse (December-January 2012-2013) with densities assessed by slowly 
swimming a 30 m line and carefully searching 1 m on each side of the line.  New recruits 
were identified by their immature color pattern and predators were counted based on 
known predators of recruits on Pacific reefs.  Each day of the observation period, 5 
transects were run in the MPA and adjacent non-MPA of one village during high tide.  
The next day, a similar evaluation was run at the next village.  This continued each day 
until a total of 30 transects were completed for each site in each village.   
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Supplemental Figure: 
 
Fig S1 
 

 
 
Map of field site locations indicating the village locations (black circles), water 
collection points for choice comparisons (red circles) and PMA (white) and non-
MPA (yellow, dashed) areas used in the study.  
 
 
Supplementary Tables 
 
Table S1: Mean percent time (SE) coral planula (n=20) spent in MPA water when 
compared to non-MPA water of three replicate paired MPA/fished locations (p>0.9 
Factorial ANOVA).   
 

 Namada Vatu-o-lailai Votua 
A. tenuis 87.9% (±1.8) 86.8% (±1.3) 85.8% (±2.2) 
A. nasuta 87.8% (±1.8) 86.8% (±1.3) 85.8% (±2.1) 

A. millepora 88.3% (±1.3) 90.8% (±2.5) 87.2% (±1.7) 
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Table S2: Summary of repeated measures ANOVA comparing behavioral recruitment 
choice for Acropora tenuis larvae over 24hrs   
 
Algae Factor df F p-value 
CCA Choice 3 35.77 0.002 
 Time 3 0.00 1 
 Choice *Time 9 2.41 0.079 
Post-hoc Tukey HSD Test (24hrs) 
 CCA tile vs Water Column  0.049032 
 CCA tile vs No choice 0.031677 
 CCA tile vs Untreated  0.039209 
 Untreated tile vs. No Choice  1 
 Untreated tile vs. Water Column 1 
 No choice vs. Water Column  0.999 
   
Padina Choice  3 16.28 <0.0001 
 Time 3 0.03 0.995 
 Choice *Time 9 1.03 0.428 
Post-hoc Tukey HSD Test (24hrs) 
 Padina tile vs. Water Column 1 
 Padina tile vs. No choice 0.899004 
 Padina tile vs. Untreated tile 0.99657 
 Untreated tiles vs. no choice 1 
 Untreated tile vs. water column 0.979590 
 No Choice vs. water column 0.826536 
   
Sargassum Choice 3 342.73 <0.0001 
 Time 3 0.087 0.967 
 Choice *Time 9 3.349 0.0022 
Post-hoc Tukey HSD Test (24hrs) 
 Sargassum tile vs. Water Column 0.000179 
 Sargassum tile vs. No choice 0.019289 
 Sargassum tile vs. Untreated tile 0.919972 
 Untreated tiles vs. no choice 0.000970 
 Untreated tile vs. water column 0.000187 
 No Choice vs. water column 0.000146 
   
Galaxura Choice  3 40.30 <0.001 
 Time 3 0.0185 0.9965 
 Choice *Time 9 2.8028 0.008 
Post-hoc Tukey HSD Test (24hrs) 
 Galaxura tile vs. Water Column 0.001821 
 Galaxura tile vs. No choice 0.072940 
 Galaxura tile vs. Untreated tile 0.000277 
 Untreated tiles vs. no choice 0.120650 
 Untreated tile vs. water column 0.973006 
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 No Choice vs. water column 0.774382 
 
 
 
 
Table S3: In situ mean (±SE) cumulative settlement of coral larvae/m2 on natural benthos 
plots that had been either cleared or not cleared of upright seaweeds or on adjacent tile 
arrays throughout the experiment.  * = a significant difference between MPA and non-
MPA at p<0.001.  

 
Substrate Village Treatment MPA Non-MPA 

Natural 
Benthos 

Namada Cleared (n=9)* 1.2 (±0.2) 0.0 (±0) 

Algae (n=9)* 0.83 (±0.2) 0.0 (±0) 

Votua 
 

Cleared (n=9)* 1.1 (±0.1) 0.0 (±0) 

Algae (n=9)* 0.86 (±0.2) 0.0 (±0) 

Tile Array Namada Cleared (n=2)* 0.0 (±0) 13.9 (±0) 

Algae (n=2)* 0.0 (±0) 13.9 (±2.7) 

Votua Cleared (n=2)* 0.0 (±0) 12.5 (±4.2) 

Algae (n=2)* 0.0 (±0) 12.5 (±1.4) 
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Fish 
Collection 

Site 

Votua Namada Vatu-o-lailai 

MPA Water Votua Namada Vatu-o-
lailai 

Votua Namada Vatu-o-
lailai 

Votua Namada Vatu-o-
lailai 

Chromis 
viridis 

88% 
(±0.9) 

92% 
(±0.8) 

92% 
(±0.8) 

92% 
(±0.8) 

86% 
(±0.9) 

88% 
(±0.7) 

92% 
(±0.7) 

89% 
(±0.7) 

88% 
(±0.6) 

Chrysiptera 
biocellata 

88% 
(±0.8) 

84% 
(±0.9) 

82% 
(±0.7) 

85% 
(±0.6) 

86% 
(±0.8) 

88% 
(±0.7) 

83% 
(±0.8) 

86% 
(±0.7) 

86% 
(±0.7) 

C. cyanea 89% 
(±0.7) 

90% 
(±1.0) 

89% 
(±0.8) 

88% 
(±0.9) 

85% 
(±1.0) 

90% 
(±0.7) 

89% 
(±0.8) 

88% 
(±0.8) 

88% 
(±0.9) 

Dascyllus 
aruanus 

90% 
(±0.6) 

90% 
(±0.7) 

89% 
(±0.7) 

90% 
(±0.6) 

89% 
(±0.7) 

88% 
(±0.7) 

90% 
(±0.4) 

90% 
(±0.9) 

90% 
(±0.6) 

D. 
trimaculatus 

90% 
(±0.8) 

87% 
(±0.9) 

89% 
(±0.8) 

87% 
(±0.9) 

83% 
(±1.2) 

86% 
(±1.0) 

88% 
(±1.0) 

84% 
(±1.0) 

86% 
(±1.0) 

Pomacentrus 
spilotoceps 

90% 
(±0.8) 

90% 
(±0.7) 

90% 
(±0.7) 

88% 
(±0.9) 

88% 
(±1.0) 

88% 
(±1.0) 

88% 
(±0.8) 

90% 
(±1.0) 

90% 
(±1.0) 

Chaetodon 
raffelsi 

88% 
(±0.7) 

88% 
(±0.6) 

83% 
(±0.6) 

86% 
(±0.7) 

87% 
(±0.6) 

86% 
(±0.6) 

89% 
(±0.7) 

88% 
(±0.6) 

89% 
(±0.6) 

C. 
vagabundus 

89% 
(±1.0) 

87% 
(±0.8) 

89% 
(±0.7) 

87% 
(±1.0) 

87% 
(±1.0) 

87% 
(±1.0) 

87% 
(±1.1) 

87% 
(±0.9) 

88% 
(±1.0) 

Acanthurus 
triostegus 

87% 
(±0.9) 

87% 
(±1.3) 

89% 
(±0.8) 

86% 
(±1.0) 

87% 
(±0.7) 

86% 
(±1.1) 

87% 
(±0.9) 

86% 
(±0.9) 

87% 
(±0.9) 

Ctenochaetus 
striatus 

90% 
(±0.9) 

87% 
(±1.0) 

89% 
(±0.9) 

90% 
(±0.8) 

85% 
(±0.8) 

87% 
(±1.2) 

88% 
(±0.9) 

89% 
(±1.0) 

86% 
(±0.8) 

Siganus 
spinus 

89% 
(±1.0) 

86% 
(±1.1) 

83% 
(±0.8) 

88% 
(±0.8) 

83% 
(±0.9) 

87% 
(±0.9) 

89% 
(±0.8) 

84% 
(±0.9) 

84% 
(±1.2) 

Scarus 
forsteni 

89% 
(±0.9) 

87% 
(±1.0) 

89% 
(±0.9) 

87% 
(±0.7) 

86% 
(±0.8) 

87% 
(±1.2) 

87% 
(±0.8) 

85% 
(±0.8) 

89% 
(±1.0) 

Chlorurs 90% 85% 87% 88% 84% 85% 90% 83% 85% 
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sordidus (±0.9) (±0.8) (±0.9) (±0.7) (±0.7) (±1.0) (±0.7) (±0.7) (±0.9) 
Apogon 
angustatus 

89% 
(±0.8) 

88% 
(±0.7) 

90% 
(±0.7) 

90% 
(±0.7) 

90% 
(±0.8) 

91% 
(±0.7) 

89% 
(±0.7) 

90% 
(±0.9) 

90% 
(±1.0) 

Halichoeres 
trimaculatus 

90% 
(±0.9) 

88% 
(±0.7) 

90% 
(±0.7) 

88% 
(±0.6) 

88% 
(±0.8) 

88% 
(±0.8) 

87% 
(±0.7) 

89% 
(±0.8) 

88% 
(±0.7) 

 
Table S4: Behavioral response of each species, towards MPA water (mean % time spent in MPA water ±SE) grouped by “home” 
collection village, compared against adjacent non-MPA reefs, (n=40 per species [20 from each MPA and 20 from each non-MPA]; 
p>0.10 for all trials; Kolmogrov-Smirnov Tests).  Values for response to non-MPAs would be these values subtracted from 100%. 
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