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ABSTRACT
In the last decades diseases have changed coral communities’ structure and function
in reefs worldwide. Studies conducted to evaluate the effect of diseases on corals
frequently use modified adaptations of sampling designs that were developed to
study ecological aspects of coral reefs. Here we evaluate how efficient these sampling
protocols are by generating virtual data for a coral population parameterized with
mean coral density and disease prevalence estimates from the Caribbean
scleractinian Orbicella faveolata at the Mexican Caribbean. Six scenarios were tested
consisting of three patterns of coral colony distribution (random, randomly clustered
and randomly over-dispersed) and two disease transmission modes (random
and contagious). The virtual populations were sampled with the commonly used
method of belt-transects with variable sample-unit sizes (10 � 1, 10 � 2, 25 � 2,
50 � 2 m). Results showed that the probability of obtaining a mean coral disease
prevalence estimate of ±5% of the true prevalence value was low (range: 11–48%)
and that two-sample comparisons achieved rather low power, unless very large
effect sizes existed. Such results imply low statistical confidence to assess differences
or changes in coral disease prevalence. The main problem identified was
insufficient sample size because local mean colony size, density and spatial
distribution of targeted coral species was not taken into consideration to properly
adjust the sampling protocols.
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INTRODUCTION
Unprecedented coral disease epizootics have changed the structure and function of coral
reefs (Aronson & Precht, 2001; Bruno et al., 2007; Harvell et al., 2007). The causes of
these epizootics are linked to environmental degradation due to global warming
(Hoegh-Guldberg et al., 2007; Bruno et al., 2007; Eakin et al., 2010), and local impacts, such
as eutrophication (Bruno et al., 2003; Kaczmarsky, Draud & Williams, 2005), pollution
(Klaus et al., 2007), overfishing (Mumby et al., 2006), sedimentation (Rogers, 1990;
Fabricius, 2005), dredging and coastline modification (Miller et al., 2016), plastic waste
(Lamb et al., 2018) and diving activities (Lamb et al., 2014).
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Our ability to fully understand the dynamics of coral diseases on coral reefs is hampered
by the complex functioning of the coral holobiont and the limited knowledge of
coral-disease etiologies (Ainsworth et al., 2011; Work & Meteyer, 2014). Nevertheless,
recent reports indicate that moderating or eliminating local impacts can reduce coral
disease susceptibility (Fabricius, 2005; Kaczmarsky, Draud & Williams, 2005; Lamb et al.,
2014). Therefore, sound assessments of the diseases effect are necessary to support
expensive managing actions.

One of the most convenient disease assessments is to estimate prevalence (the
proportion of affected individuals) and although simple in principle, prevalence estimates
with acceptable accuracy and precision are not easy to obtain. Logistical constraints of
underwater work make surveys on coral reefs a challenge and perhaps that is why proven
and practical coral ecological-sampling protocols are often adapted to estimate disease
prevalence (Table S1). However, by doing so, the sampling protocol is not specifically
tailored to answer the question posed by a prevalence analysis which is related to a
binomial condition (diseased or not). Two relevant statistically concerns arise: (1) the coral
colonies sampled are not independent and (2) the necessary sample size is not properly
estimated. These issues may result in low statistical power, implying the possibility of
(1) low probability of accurate mean estimates and of finding true effects, (2) low reliability
when claiming a significant effect and (3) an exaggerated estimate of the magnitude
of the effect when this one is true (Conner, McCarty & Miller, 2000; Salman, 2003;
Nusser et al., 2008; Button et al., 2013). To evaluate the importance of these issues when
estimating coral disease prevalence in Caribbean key reef-building species, whose colonies
tend to be large, we used a simulation approach parametrized by using real data on
yellow-band syndrome affecting the coral Orbicella faveolata in a Mexican Caribbean reef.
The sampling of virtual coral populations, with known disease prevalence, allowed us to
evaluate the accuracy and precision of prevalence estimates obtained by commonly
used sampling protocols, as well as their power in comparisons for a given effect size.

METHODS
To parameterize the simulations we used mean density and prevalence estimates as
obtained from ecological surveys adapted to include coral diseases and other signs of
colony conditions. We selected the data from the reef building coral O. faveolata affected
by the yellow-band syndrome in Mahahual reef, in the Mexican Caribbean, in July 2006.
The sampling protocol for the site consisted of four sampling stations in the fore-reef,
separated from each other by at least 500 m, in a depth range of 10–15 m. Each station
comprised six 25 � 2 m belt-transects that were randomly deployed in an area of
aproximately 100 � 100 m. The mean prevalence of the yellow-band syndrome in 756
O. faveolata colonies surveyed in 24 belt-transects (1,200 m2) at the Mahahual reef site
was 16.2%.

Simulated scenarios
Point pattern distributions (R spatstat, Baddeley, Rubak & Turner, 2015) were generated
in a sampling frame area of 1,500 m by 200 m, by using a point density of 0.63 colonies m-2
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and a proportion of “diseased” points of 0.162. Each point represented the center of a
simulated coral colony, thus equivalent to real surveys where only colonies whose centers
lie within the boundaries of the sample unit (i.e., belt-transect) are included (Zvuloni
et al., 2008). Given that the spatial distribution of O. faveolata at the site is unknown,
six different scenarios were simulated, based on three spatial point pattern distributions
(random, randomly clustered, and randomly over-dispersed), each of them with
two disease transmission modes (random and contagious). The random-disease
transmission mode simulation pertains to water-borne transmission with no particular
resistance on the host population and every colony had the same probability of being
diseased (Jolles et al., 2002). The simulated diseased points were marked by means of a
random binomial generator (package binom in R, Dorai-Raj, 2014). To simulate a possible
contagious situation the probability of being diseased was dependent on the distance
to a diseased neighbor, thus a nearest neighbor distance criteria determined the probability
of transmission. Given the lack of better information, we subjectively assigned the
probability of being diseased as a function of decreasing nearest neighbor distance
percentiles (0.5, 0.7, 0.8, 0.9 and 0.99) and used these probabilities on a random binomial
generator to mark the diseased colonies on the virtual populations. In this way the closer
the colonies were to each other, the higher the probability of being assigned a disease
mark. Given the random processes involved on these simulations, the final coral density
and disease prevalence varied around our initial target values, so to verify that the
expected types of distribution pattern and disease transmission modes were achieved,
we employed plots (Figs. S1–S3) of Monte Carlo confidence bands for Bezag’s
transformation of Ripley’s K (Baddeley, Rubak & Turner, 2015; see Supplementary
Material codes: 1. Scenarios & Ripley, R). Ripley’s K is a spatial analysis technique that
estimates the expected number of points within an increasing radius r from an arbitrary
point and Besag’s L is the normalization of K by way of square root transformation.
With this technique the point distribution patterns (random, clustering or overdispersion)
can be described as a function of distances by comparing deviations to a completely
spatial randomness condition whose value after normalization is 0. Thus positive values
indicate clustering while negative ones overdispersion.

Choosing a single scenario to perform simulated surveys
Given that we had no information on the spatial arrangement neither of O. faveolata in
general or of the diseased colonies in particular, we tested the six simulated scenarios with
a similar sampling protocol as the one used in situ (i.e., 24 transects of 25 � 2 m in
four stations) to determine which of the six scenarios better reproduced mean density and
prevalence field estimates (see Supplementary Material codes: 2. Sampling & estimates)
Although our own estimates might be inaccurate, we took this approach to be able to
simulate the case of a single coral host that has relatively low densities, but can reach large
sizes, and is affected by a particular disease sign. A total of 30 independent surveys
per scenario were performed to obtain colony density and prevalence estimates, each
survey estimates were compared to the real field estimates. The abundance comparisons
were done with negative binomial generalized linear models (R package MASS,
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Venables & Ripley, 2002), that were validated if no significant residual overdispersion was
present, estimated as 1-pchisq (model null deviance, model residual degrees of freedom).
For disease prevalence comparisons, quasibinomial Generalized Linear Models (GLM’s)
were used and considered acceptable if there was no significant over dispersion of
standardized deviance residuals within 95% confidence envelopes (R package
binomTools; Christensen & Hansen, 2011; see Supplementary Material codes: 3.
Comparison of scenarios to Mh data.R). The scenario showing fewer significant differences
in 30 trials, was selected for the performance tests of sampling protocols.

Testing the accuracy and precision of common survey methods
To test the theoretical performance of coral disease prevalence sampling protocols,
we compiled a list of methods reported in the literature (Table S1). Although sampling
methodologies varied among the studies that were reviewed, the majority used
belt-transects, as the sampling unit, and in average five belt-transects within a single
sampling site. The size of the belt-transects in these studies was variable, but the most
common dimensions were 10 � 1, 10 � 2, 25 � 2 and 50 � 2 m. To determine
the precision and accuracy of coral disease prevalence estimates obtained by a protocol of
five transects for each of the different belt-transect sizes, 100 independent samplings were
carried out for each belt-transect size protocol (see Supplementary Material codes: 4.
Accuracy of Estimates.R). Mean prevalence estimates were pooled to increase
sample size and then calculate the credible interval for binomial means (R package binom;
Dorai-Raj, 2014).

Testing the achieved power of two sample comparisons
For each sampling protocol, we randomly select two out of the 100 surveys to estimate the
achieved power in a two-sample comparison. Power was estimated by a power sample size
function for proportions (R package stats, R Core Team, 2016). By repeating this
procedure 100 times, predicted power curves as a function of effect size were generated
as smooth splines, using generalized additive models adjusted for a beta regression
distribution. Model validation was done through the package’s gam check (R package
mgcv;Wood, 2011). Effect size was determined by means of Cliff’s delta, a non-parametric
procedure that computes ordinal variables and thus is appropriate to deal with
proportions (R package epiR; Cliff, 1993; Stevenson et al., 2017 (see Supplementary
Material codes: 5. Power and effsize in two sample comparisons.R). All statistical tests
and simulation procedures were performed in R and RStudio. The code for the sampling
simulation and accuracy estimates can be found in the Supplementary Materials.

RESULTS
Choosing a single scenario to perform simulated surveys
observations
The reef scenario with a random coral-colony distribution and a random spatial
pattern of diseased corals (R & rt) yielded similar results to the filed data estimates when
sampled with 24 belt-transects of 25 � 2 m (Table 1). Similar results were obtained
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for the over-dispersed coral colony distribution and the random coral disease transmission
scenario (D & rt) (Table 1). Additional comparisons between these two scenarios
showed redundant results and thus the R & rt scenario was selected to test the
performance of the sampling protocols commonly used in coral disease
prevalence surveys.

Accuracy and precision of common survey methods
The accuracy and precision of the most common sampling protocols used in coral disease
prevalence surveys (Table S1) was evaluated using five belt-transects of variable size
(10 � 1, 10 � 2, 25 � 2 and 50 � 2 m). For each one of these protocols the belt-transects
were randomly deployed on a “site” of 100 � 100 m which was randomly selected
within the 1,500 � 200 m sample frame of the R & rt scenario (mimicking the close layout
of transects within a site). For each of the four protocols, 100 independent samplings were
made. The precision and accuracy of the estimates varied widely within and between
the different belt-transect sizes (Fig. 1). For the smallest sample unit design (10 � 1 m),
the estimated mean coral disease prevalence ranged from 0.1% to 36% and had large
credible confidence intervals in all cases (Fig. 1). In this protocol the probability of
obtaining a mean prevalence estimate of ±5% of the true disease prevalence value (16.2%)
was 11%. In contrast, the mean disease prevalence estimated with the largest sample unit
(50 � 2 m) ranged between 10% and 21%, and had shorter credible intervals (Fig. 1).
However, the probability of obtaining a mean coral disease prevalence estimate of ±5%
of the true prevalence was still low (48%).

While for some surveys estimating gross disease prevalence is all that is required, the
low accuracy and precision of the estimates imply that comparison between sites or times
may not be reliable unless the expected effect size is large. To assess this possibility,
we estimated the power for 100 independent two-sample tests for each protocol by
randomly selecting pairs of their corresponding 100 samplings (Fig. 2). Calculated Cliff’s
delta effect sizes ranged from zero (no effect) to 0.8 (highest effect) and because tests
are of similar context it is linearly related. We found that in all cases the power was
positively related to the magnitude of the effect size and that, for a given effect size, the
power of the test increased from the smallest to the largest sample unit as sample size
increased (Fig. 2). Only two out of 100 comparisons of the largest sampling unit (50� 2 m)
protocol reached the customary power level of 0.8. Furthermore, few tests had power
values above 0.5 (less than 20%), whereas the power level of the large majority was

Table 1 Comparisons between field data and simulations of coral density and disease prevalence.

Scenario Coral (point) mean density Coral (point) mean disease prevalence

R & rt 0.0 0.0

R & ct 26.7 0.0

C & rt 20.0 0.0

C & ct 36.7 16.7

D & rt 0.03 0.0

D & ct 16.7 0.0
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Figure 1 Mean estimated disease prevalence. Mean Estimated Prevalence (dots) and 95% Wilson
binomial confidence interval (vertical bars) of 50 randomly selected surveys of the simulated 1,500 by 200m
reef zone. Each survey comprises one randomly deployed sample station/site (100 by 100m), within the reef
zone. Each sampling station consisted of five randomly deployed belt-transects of five dimensions: (A) 10�
1m, (B) 10 � 2m, (C) 25 � 2m, (D) 50 � 2m. Full-size DOI: 10.7717/peerj.6006/fig-1

Figure 2 Power of a two-sample comparison as function of the effect size for 100 two-sample station
comparisons per sampling designs. Open circles indicate the individual two sample power estimates.
The solid line corresponds to a predict curve generated with a gam modeled with a beta regression
distribution. Each sampling station consisted of five randomly deployed belt-transects and the upper text
indicate the belt-transect dimensions for each curve and corresponding dat points set.

Full-size DOI: 10.7717/peerj.6006/fig-2
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below 0.4 (Fig. 2). The smoothed predicted lines in the same figure shows that the
low power trend is consistent for each belt-transect size.

DISCUSSION
Coral reef surveys are usually conducted by SCUBA diving making it difficult to
efficiently sample coral communities composed of multispecific assemblages living in a
complex tridimensional structure. This problem has promoted the use of simple
methods to conduct quantitative surveys of corals, such as the belt-transect and other
type of quadrats as sample units. These methods have frequently been modified to
assess coral disease prevalence (Table S1). The results of this work, however, suggest that
this practice leads to poor accuracy with wide credible intervals when estimating
coral disease prevalence of a host that can reach large sizes and thus relative low number
of colonies per belt-transect area; a common case in Caribbean massive reef-building
corals. In this situation, the power in two sample comparisons is low, unless
very large effect sizes exist; thus hampering our ability to confidently assess changes in
disease prevalence. As the power of a test is the likelihood that an effect will be detected,
when indeed it exists, a high probability for a false negative (accepting the null
hypothesis when it’s false) is of much concern when conducting coral disease
assessments.

We found that ecological survey methods that have been repeatedly tested to be
reliable to assess community composition or benthic coverage (Kinzie & Snider, 1978;
Jokiel et al., 2015) may be poor to estimate disease prevalence. The difference in
efficiency lies in the purpose of the sampling design, ecological surveys are designed to
address a multivariate problem, mainly the relative abundance of species or
categories, which can’t be reasonable sampled without the use of some sort of area
encompassing method such as quadrats, transects, etc., that become the effective
sampling unit. In contrast, disease surveys should be designed to deal with a single
binomial univariate variable (diseased or not) most commonly of a single kind (species,
forms, etc.) where the individual is the natural sampling unit, in our case a coral
colony, and not the belt-transect. Therefore, unlike ecological surveys, in disease surveys
the necessary sample size for a given precision and accuracy is a function of the
proportion of diseased colonies and not of the number of belt-transect (or quadrats,
circles, etc.). So, when using belt-transects they should be large enough to sample a
sufficient number of colonies and, for this to occur, the size and shape of the
belt-transects should be determined as a function of coral colony size and density of the
target species within the sampled area. For instance, in the Mahahual reef survey,
the mean transect abundance of Agaricia agaricites in our 25 � 2 m belt-transects was
243 colonies, but the mean abundance for the much larger O. faveolata colonies
was of only 34 colonies. Estimation of disease prevalence in key reef building species
that tend to have large colonies (i.e., Acropora, Orbicella and Pseudodiploria
in the Caribbean) using protocols not specifically tailored for the properties of the target
species, will likely result in too gross and inaccurate estimates; more so as the larger
the colony, the fewer will be surveyed in a belt-transect.
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While a sufficient sample size is indispensable to obtain a coral disease prevalence
estimator, with a desired accuracy, the reliability of the estimate depends on obtaining
representative samples (Green, 1979). In statistical sense representative samples can only
be obtained if all coral colonies of the target species, within the sampling frame, have the
same probability of being sampled (Casella, 2008; Lohr, 2009). However, when data are
obtained by belt-transects, no other colonies outside the transects area are to be sampled
and so colonies within the transect are not independently selected. Therefore, the
magnitude of sampling bias could not be assessed and there is no way to estimate to what
extent collected data represents the population under study, or to estimate the reliability of
the prevalence values estimates (Lohr, 2009). Additionally, belt-transect deployment is
usually done by convenience or selective criteria and while recognizing that very
experienced researches may make a “more” representative deployment, it still is a non-
probabilistic sampling approach that further increases bias and chance of
pseudoreplication (Hurlbert, 1984; but see Davies & Gray, 2015). To our knowledge, only a
few coral studies have made a probabilistic approach for coral sampling design
(Smith et al., 2011), and thus statistically sound to generalize their results to the reef system
under study.

A lack of representative samples or insufficient sample size may render impossible to
detect valid statistical differences in coral disease prevalence between sites and through
time, due to the low power of the tests. Moreover, low statistical power may also
result in a deflation or inflation of the true effect size that result from sampling variation
and random errors leading, in the case of inflation, to false positives when based on
thresholds of statistical significance (Button et al., 2013). In this context, of hypothesis
testing criteria, it should be remembered that rejection levels at a = 0.95 and power = 0.80
have no other reason than custom. A power of 0.8 means that we are willing to accept a
20% chance of committing a type II error (a false negative), a margin of error that
may be wide for critical coral disease decisions. For instance, if the interest is in detecting
the effect of actions taken to minimize coral stress by reducing the residual waters output
to the reef environment, a false negative may imply that no actions are taken or that
planned actions are halted.

The results of this work allow us to suggest that coral disease prevalence surveys in the
case of a single target species with low abundance should consist of several randomly
sampling units deployed throughout the entire selected sample space, in order to ascertain
representativeness and better estimate disease variability at the study site. If comparisons
are to be made using belt-transects, the sample size design effect compensation due to
non-random sampling should be determined, as sample size formulas assume simple
random sampling. These recommendations will improve the quality of the estimates of
coral disease prevalence, but will not allow making valid generalizations if quadrat-like
sampling units are employed, unless sample-size and representativeness are
statistically adequate. However, by minimizing the sources of bias stronger inferences
could be made by issuing precise and credible statements (Qian, 2014), supported by
detailed description of the sampling design rationale in relation to targeted species size
and abundance within the selected sample space.
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CONCLUSION
Ecological survey methods commonly used to assess scleractinian coral community
structure may be poor to estimate disease prevalence whenever large coral colony species
are targeted (or rare species), unless the sample units used frequently (i.e., belt-transects,
quadrats) are large enough. Insufficient sample size results in low power tests and
statistical confidence when making comparisons in time and space. Coral disease
prevalence surveys should be specific for a targeted species within a relatively
homogeneous reef sample space in terms of its distribution pattern and colony size.

ACKNOWLEDGEMENTS
We thank M.A. Maldonado, L. Vázquez-Vera, D. Baker and J. Andras for assistance in
the field. Thanks to CRAN Foundation.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the Coral Disease Working Group of the Global Environment
Facility Coral Targeted Research program and by the Instituto de Ciencias del Mar y
Limnología, UNAM. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Coral Disease Working Group of the Global Environment Facility Coral Targeted
Research program.
Instituto de Ciencias del Mar y Limnología, UNAM.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Eric Jordán-Dahlgren conceived and designed the experiments, performed the
experiments, analyzed the data, contributed reagents/materials/analysis tools, prepared
figures and/or tables, authored or reviewed drafts of the paper, approved the final draft.

� Adán G. Jordán-Garza contributed reagents/materials/analysis tools, authored or
reviewed drafts of the paper, approved the final draft.

� Rosa E. Rodríguez-Martínez contributed reagents/materials/analysis tools, prepared
figures and/or tables, authored or reviewed drafts of the paper, approved the final draft.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Field survey was approved by SAGARPA (Agriculture, Natural Resources and
Fisheries Secretariat).

Jordán-Dahlgren et al. (2018), PeerJ, DOI 10.7717/peerj.6006 9/12

http://dx.doi.org/10.7717/peerj.6006
https://peerj.com/


Data Availability
The following information was supplied regarding data availability:

The raw measurements are provided in Supplementary File 1. The raw data shows the
number of Orbicella faveolata colonies and those affected by the yellow-band syndrome
recorded in 24 belt-transects (25 � 2 m) in Mahahual reef in 2006.

R codes used to create scenarios, sampling and estimates, comparison of scenarios,
accuracy of estimates and power and effect size are provided.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.6006#supplemental-information.

REFERENCES
Ainsworth TD, Wasmund K, Ukani L, Seneca F, Yellowlees D, Miller D, Leggat W. 2011.

Defining the tipping point. A complex cellular life/death balance in corals in response to stress.
Scientific Reports 1(1):160 DOI 10.1038/srep00160.

Aronson RB, Precht WF. 2001. White-band disease and the changing face of Caribbean coral
reefs. In: Porter JW, ed. The Ecology and Etiology of Newly Emerging Marine Diseases.
Developments in Hydrobiology. Vol. 159. Springer DOI 10.1007/978-94-017-3284-0_2.

Baddeley A, Rubak E, Turner R. 2015. Spatial point patterns: methodology and applications with R.
London: CRC Press, 828.

Bruno JF, Petes LE, Harvell CD, Hettinger A. 2003.Nutrient enrichment can increase the severity
of coral diseases. Ecology Letters 6(12):1056–1061 DOI 10.1046/j.1461-0248.2003.00544.x.

Bruno JF, Selig ER, Casey KS, Page CA, Willis BL, Harvell CD, Sweatman H, Melendy AM.
2007. Thermal stress and coral cover as drivers of coral disease outbreaks. PLOS Biology
5(6):e124 DOI 10.1371/journal.pbio.0050124.

Button KS, Ioannidis JPA, Mokrysz C, Nosek BA, Flint J, Robinson ESJ, Munafò MR. 2013.
Power failure: why small sample size undermines the reliability of neuroscience. Nature Reviews
Neuroscience 14(5):365–376 DOI 10.1038/nrn3475.

Casella G. 2008. Statistical design. Berlin: Springer, 307.

Christensen RHB, Hansen MK. 2011. binomTools: performing diagnostics on binomial regression
models. R package version 1.0-1/r30. Available at http://R-Forge.R-project.org/projects/binomtools/.

Cliff N. 1993. Dominance statistics: ordinal analyses to answer ordinal questions.
Psychological Bulletin 114(3):494–509 DOI 10.1037/0033-2909.114.3.494.

Conner MM, McCarty CW, Miller MW. 2000. Detection of bias in harvest-based estimates of
chronic wasting disease prevalence in mule deer. Journal of Wildlife Diseases 36(4):691–699
DOI 10.7589/0090-3558-36.4.691.

Davies MG, Gray A. 2015. Don’t let spurious accusations of pseudoreplication limit our ability to
learn from natural experiments (and other messy kinds of ecological monitoring). Ecology and
Evolution 5(22):5295–5304 DOI 10.1002/ece3.1782.

Dorai-Raj S. 2014. binom: binomial confidence intervals for several parameterizations.
Version 1.1-1 ed. Available at https://CRAN.R-project.org/package=binom.

Eakin CM, Morgan JA, Heron SF, Smith TB, Liu G, Alvarez-Filip L, Baca B, Bartels E,
Bastidas C, Bouchon C, Brandt M, Bruckner AW, Bunkley-Williams L, Cameron A,
Causey BD, ChiapponeM, Christensen TR, Crabbe MJ, Day O, De la Guardia E, Díaz-Pulido G,

Jordán-Dahlgren et al. (2018), PeerJ, DOI 10.7717/peerj.6006 10/12

http://dx.doi.org/10.7717/peerj.6006#supplemental-information
http://dx.doi.org/10.7717/peerj.6006#supplemental-information
http://dx.doi.org/10.7717/peerj.6006#supplemental-information
http://dx.doi.org/10.1038/srep00160
http://dx.doi.org/10.1007/978-94-017-3284-0_2
http://dx.doi.org/10.1046/j.1461-0248.2003.00544.x
http://dx.doi.org/10.1371/journal.pbio.0050124
http://dx.doi.org/10.1038/nrn3475
http://R-Forge.R-project.org/projects/binomtools/
http://dx.doi.org/10.1037/0033-2909.114.3.494
http://dx.doi.org/10.7589/0090-3558-36.4.691
http://dx.doi.org/10.1002/ece3.1782
https://CRAN.R-project.org/package=binom
http://dx.doi.org/10.7717/peerj.6006
https://peerj.com/


DiResta D, Gil-Agudelo DL, Gilliam DS, Ginsburg RN, Gore S, Guzmán HM, Hendee JC,
Hernández-Delgado EA, Husain E, Jeffrey CF, Jones RJ, Jordán-Dahlgren E, Kaufman LS,
Kline DI, Kramer PA, Lang JC, Lirman D, Mallela J, Manfrino C, Maréchal JP, Marks K,
Mihaly J, Miller WJ, Mueller EM, Muller EM, Orozco Toro CA, Oxenford HA,
Ponce-Taylor D, Quinn N, Ritchie KB, Rodríguez S, Ramírez AR, Romano S, Samhouri JF,
Sánchez JA, Schmahl GP, Shank BV, Skirving WJ, Steiner SC, Villamizar E, Walsh SM,
Walter C, Weil E, Williams EH, Roberson KW, Yusuf Y. 2010. Caribbean corals in crisis:
record thermal stress, bleaching, and mortality in 2005. PLOS ONE 5(11):e13969
DOI 10.1371/journal.pone.0013969.

Fabricius KE. 2005. Effects of terrestrial runoff on the ecology of corals and coral reefs:
review and synthesis. Marine Pollution Bulletin 50(2):125–146
DOI 10.1016/j.marpolbul.2004.11.028.

Green RH. 1979. Sampling design and statistical methods for environmental biologists. New York:
John Wiley & Sons, 257.

Harvell D, Jordán-Dahlgren E, Merkel S, Rosenberg E, Raymundo L, Smith G, Weil E, Willis B.
2007. Coral disease, environmental drivers, and the balance between coral and microbial
associates. Oceanography 20(1):172–195 DOI 10.5670/oceanog.2007.91.

Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS, Greenfield P, Gomez E, Harvell CD,
Sale PF, Edwards AJ, Caldeira K, Knowlton N, Eakin CM, Iglesias-Prieto R, Muthiga N,
Bradbury RH, Dubi A, Hatziolos ME. 2007. Coral reefs under rapid climate change and
ocean acidification. Science 318(5857):1737–1742.

Hurlbert SH. 1984. Pseudoreplication and the design of ecological field experiments.
Ecological Monographs 54(2):187–211 DOI 10.2307/1942661.

Jokiel P, Rodgers K, Brown E, Kenyon J, Aeby G, Smith W, Farrell F. 2015. Comparison of
methods used to estimate coral cover in the Hawaiian Islands. PeerJ 3:e954
DOI 10.7717/peerj.954.

Jolles AE, Sullivan P, Alker AP, Harvell CC. 2002. Disease transmission of Aspergillosis in sea
fans: inferring process from spatial pattern. Ecology 83(9):2373–2378 DOI 10.2307/3071798.

Kaczmarsky LT, Draud M, Williams EH. 2005. Is there a relationship between proximity to
sewage effluent and the prevalence of coral disease? Caribbean Journal of Science 41(1):124–137.

Kinzie RA III, Snider RH. 1978. A simulation study of coral survey reef methods. Coral
Reef: research methods. UNESCO Monographs on Oceanographic Methodology 5:231–250.

Klaus JS, Janse I, Heikoop JM, Sanford RA, Fouke BW. 2007. Coral microbial communities,
zooxanthellae and mucus along gradients of seawater depth and coastal pollution.
Environmental Microbiology 9(5):1291–1305 DOI 10.1111/j.1462-2920.2007.01249.x.

Lamb JB, True JD, Piromvaragorn S, Willis BL. 2014. Scuba diving damage and intensity of
tourist activities increases coral disease prevalence. Biological Conservation 178:88–96
DOI 10.1016/j.biocon.2014.06.027.

Lamb JB, Willis BL, Fiorenza EA, Couch CS, Howard R, Rader DN, True JD, Kelly LA,
Ahmad A, Jompa J, Harvell CD. 2018. Plastic waste associated with disease on coral reefs.
Science 359(6374):460–462 DOI 10.1126/science.aar3320.

Lohr LS. 2009. Sampling: design and analysis. Second Edition. Boston: Brooks/Cole, Cengage
Learning, Inc.

Miller MW, Karazsia J, Groves CE, Griffin S, Moore T, Wilbert P, Gregg K. 2016.
Detecting sedimentation impacts to coral reefs resulting from dredging the Port of Miami,
Florida USA. PeerJ 4:e2711 DOI 10.7717/peerj.2711.

Jordán-Dahlgren et al. (2018), PeerJ, DOI 10.7717/peerj.6006 11/12

http://dx.doi.org/10.1371/journal.pone.0013969
http://dx.doi.org/10.1016/j.marpolbul.2004.11.028
http://dx.doi.org/10.5670/oceanog.2007.91
http://dx.doi.org/10.2307/1942661
http://dx.doi.org/10.7717/peerj.954
http://dx.doi.org/10.2307/3071798
http://dx.doi.org/10.1111/j.1462-2920.2007.01249.x
http://dx.doi.org/10.1016/j.biocon.2014.06.027
http://dx.doi.org/10.1126/science.aar3320
http://dx.doi.org/10.7717/peerj.2711
http://dx.doi.org/10.7717/peerj.6006
https://peerj.com/


Mumby PJ, Dahlgren CP, Harborne AR, Kappel CV, Micheli F, Brumbaugh DR, Holmes KE,
Mendes JM, Broad K, Sanchirico JN, Buch K, Box S, Stoffle RW, Gill AB. 2006.
Fishing, trophic cascades, and the process of grazing on coral reefs. Science 311(5757):98–101
DOI 10.1126/science.1121129.

Nusser SM, Clark WR, Otis DL, Huang L. 2008. Sampling considerations for disease surveillance
in wildlife populations. Journal of Wildlife Management 72(1):52–60 DOI 10.2193/2007-317.

Qian SS. 2014. Statistics in ecology is for making a “principled” argument. Landscape Ecology
29(6):937–939 DOI 10.1007/s10980-014-0042-y.

R Core Team. 2016. R: a language and environment for statistical computing. Vienna:
R Foundation for Statistical Computing. Available at https://www.R-project.org/.

Rogers CS. 1990. Responses of coral reefs and reef organisms to sedimentation. Marine Ecology
Progress Series 62(1):185–202 DOI 10.3354/meps062185.

Salman MD. 2003. Surveillance and monitoring systems for animal health programs and disease
surveys. In: Salman MD, ed. Animal Disease Surveillance and Survey Systems. Iowa: Iowa State
Press, 3–13.

Smith SG, Swanson DW, Chiappone M, Miller SL, Ault JS. 2011. Probability sampling of
stony coral populations in the Florida Keys. Environmental Monitoring and Assessment
183(1–4):121–138 DOI 10.1007/s10661-011-1912-2.

Stevenson M, Nunes T, Heuer C, Marshall J, Sanchez J, Thornton R, Reiczigel J, Robison-Cox J,
Sebastiani P, Solymos P, Yoshida K, Jones G, Pirikahu S, Firestone S, Kyle R. 2017. epiR: tools
for the analysis of epidemiological data. R package version 0.9-93. Available at https://CRAN.R-
project.org/package=epiR.

Venables WN, Ripley BD. 2002. Modern applied statistics with S. In: Chambers SJ, Hardle EW,
Tierney SS, eds. New York: Springer, 497.

Wood SN. 2011. Fast stable restricted maximum likelihood and marginal likelihood estimation of
semiparametric generalized linear models. Journal of the Royal Statistical Society: Series B
(Statistical Methodology) 73(1):3–36 DOI 10.1111/j.1467-9868.2010.00749.x.

Work T, Meteyer C. 2014. To understand coral disease, look at coral cells. EcoHealth
11(4):610–618 DOI 10.1007/s10393-014-0931-1.

Zvuloni A, Artzy-Randrup Y, Stone L, Van Woesik R, Loya Y. 2008. Ecological size-frequency
distributions: how to prevent and correct biases in spatial sampling. Limnology and
Oceanography: Methods 6(3):144–153 DOI 10.4319/lom.2008.6.144.

Jordán-Dahlgren et al. (2018), PeerJ, DOI 10.7717/peerj.6006 12/12

http://dx.doi.org/10.1126/science.1121129
http://dx.doi.org/10.2193/2007-317
http://dx.doi.org/10.1007/s10980-014-0042-y
https://www.R-project.org/
http://dx.doi.org/10.3354/meps062185
http://dx.doi.org/10.1007/s10661-011-1912-2
https://CRAN.R-project.org/package=epiR
https://CRAN.R-project.org/package=epiR
http://dx.doi.org/10.1111/j.1467-9868.2010.00749.x
http://dx.doi.org/10.1007/s10393-014-0931-1
http://dx.doi.org/10.4319/lom.2008.6.144
http://dx.doi.org/10.7717/peerj.6006
https://peerj.com/

	Coral disease prevalence estimation and sampling design
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


